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 )CIBARA( TCARTSBA SISEHT
 اظٙشاٌذیٓ :سُالا
 جحٍيً اداء ِفاعلات ٔمً الأوسجيٓ باسحخذاَ الاغشيٗ إٌالٍٗ الایٛٔيٗ اٌعٕٛاْ:
 . اٌحخصص: إٌٙذسة اٌّيىأيىية
 . 2213 دیسّبش اٌحاسیخ:
 
جمُ اعحبماس .  اٌٛلٛد ِع الأوسجيٓلاححشاق  ِصُّ أسطٛأي  ایٛٔي ٔمً ِفاعً أداء اٌححميك في جٙذف ٘زٖ اٌذساسة إٌى
ٔالٍممممممة ٌ یٛٔممممممات  غيممممممش ِسمممممماِية ِممممممٓ اٌسمممممميشاِيهِممممممادٖ   ِممممممٓ ّفاعممممممً الاسممممممطٛأي اٌّصممممممٕٛ  اٌ جممممممذساْ
الاوحسما  خلٍميط ِمٓ  غماصیمذلً  ٌغشفمة الاححمشاق . اٌٙٛاء اٌخاسجي  وسجيٓ ٌٍحغٍغً ٌِٓ فمط ٚجسّح ٚالإٌىحشٚٔات
ٔمٛاج   ِمٓ یمحُ جفشیغمٗٚ الأٚوسمجيٓ خمحٍط ِمعی جأمو ٚاحمذ  ِمٓ اعمًّفاٌ إٌمى  ثمأي أوسميذ اٌىشبمْٛ ٚغماص اٌّي ماْ 
فمي  اٌٙمٛاء ٚجىمٛیٓ جمذفك حاٌمةب ّفاعمًاٌ ِٓ للاي جمذساْ الأوسجيٓ جغٍغً عٍّية جحأثش . ِٓ اٌجأو الآلش الاححشاق
خجأممممو غمممماص  الآلممممش ِممممٓ اٌغشمممماء فممممي اٌجأممممو اٌغمممماص    ٚلٍمممميطاٌٙممممٛاء اٌجممممأبي  ِممممذلًحغزیممممة. خاٌ جأممممو
ِىٛٔمات ٚاٌطالمة ٚاٌحشومة ٚ اٌىحٍمة حفمع ّعمادلاتاٌعمذد  ٌ عٍمى اٌحمً حمذفكاٌ عٍّيمة ٚضع ّٔمار  ٚیسحٕذ. الاوحسا  
ٚجُ جصّيُ ّٚٔزجة اٌغشاء وطبمة أحمائية یعحّذ فيٙا جغٍغمً الأوسمجيٓ عٍمى دسجمات حمشاسش اٌغشماء  بالإضمافة  . اٌغاص
 بشٔاِ   باسحخذاَ  DFC عٍّيات جٛاصْ اٌّٛائع اٌحسابية ٚأجشیث شاء.إٌى اٌضغط اٌجضئي ٌ وسجيٓ في جأبي اٌغ
 .اٌغشماء ّٔٛرجما لا ما جمُ جطمٛیشٖ فمي ٘مزا اٌبحم  ِمٓ لملاي وحٍمة الأوسمجيٓیحّبمع أحمماي  في حيٓ1.21 TNEULF
عملاٚش . إٌحمائ اجفالا جيذا ِمع  ّماسٔةسابمة ٚأظٙشت اٌ بيأات ججشیبية باٌّماسْ ِع ٔحائ  إٌّٛر  اٌححمك ِٓ  حة جُ
اٌّفاعمً.  دالمً خٍمط الاححمشاق اٌبماسد خاٌغماص الاوحسما  ِمٓ أجمً الأِ مً ٌ خٍميطاٌ حىمٛیٌٓ أجشیث اٌذساسمة عٍى رٌه 
اححمشاق  عمٓ رشیمك اسمحخذاَ غشفمة اححمشاقو   MTI ِفاعً غشاء إٌمً الأیمٛٔي خ ِع غشاءاٌ ّٔٛر  دِ  جُ ٚأليشا 
  جغٍغمً صیمادش وبيمشش فمي غاص اٌّي ماْ ويّيائيما ِباةمشش إٌمى ٔمٛاج  اٌحشیمك بخطمٖٛ ٚاحمذٖ. ٚاظٙمشت إٌحمائ  اْ ٕ٘مان 
 .ححشاق اٌباسد خاٌخٍط الا ِع ِماسٔة في حاٌة الاححشاقالأوسجيٓ 
 
 دسجة اٌّاجسحيش في اٌعٍَٛ
 جاِعة اٌٍّه فٙذ ٌٍبحشٚي ٚ اٌّعادْ
  اٌسعٛدیة اٌظٙشاْ  اٌٍّّىة اٌعشبية
 1 
 
CHAPTER 1  
INTRODUCTION 
1.1 Research Background 
Most of the energy used worldwide is derived from fossil fuels. Combustion of fossil 
fuels leads to emissions of CO2 into the atmosphere, which is known to contribute to the 
undesired global warming. It is generally accepted that the increase in the temperature of 
the earth is linked to the increase in greenhouse gases, mostly CO2, in the atmosphere. 
Saudi Arabia has ratified the Kyoto protocol [1], which sets strict limits on emissions of 
CO2 and imposes penalties. 
 
CO2 is a major greenhouse gas released whenever fuels containing hydrocarbon, such as 
methane, are burned. Most of the world‟s energy needs are currently met by combustion 
of hydrocarbon fuels. Renewable energies are carbon neutral and present a favourable 
solution to the problem of greenhouse gas emissions. Unfortunately renewable energy 
technologies are currently not mature enough in comparison to fossil fuel based 
technologies. Much work is required before such energy sources will produce a major 
portion of our energy. Another method of power production is nuclear technology that 
does not contribute to the global warming problem. However acceptance of nuclear 
power by the public is quite low, particularly in Saudi Arabia. 
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Fossil fuels are heavily used in power industry as it is relatively cheap and abundant. The 
Hubbert oil peak is the maximum production of oil. In theory it coincides with the 
midpoint of the available oil in a region. Various current estimates place the world peak 
between 2009 and 2035 [2], implying that there is at least as much oil still available in the 
world as has been consumed since the industrial revolution. The discovery of methane 
hydrates in vast quantities indicates that fossil fuel will continue to be used for decades to 
come. Unfortunately combustion of these fuels produces pollutants and CO2, the main 
contributor to global warming. One of the main challenge facing engineers now is how to 
reduce or prevent the negative impact of CO2 on the climate caused from power plants, 
while allowing the continued use of fossil fuels for power production. 
 
Carbon capture and sequestration (CCS) means capturing CO2 and trapping it away from 
the atmosphere. There are many methods of sequestering CO2 either by utilization in 
industrial processes or by storage underground or in deep seas. Enhanced Oil Recovery 
(EOR) is another option which involves injecting CO2 into partially depleted oil wells to 
increase oil production. This is currently common practice in many oil companies. Over 
40 Million cubic feet of CO2 can be injected daily into oil well in Ghawar, Saudi Arabia 
by 2012 which was reported by Minister of Petroleum, Saudi Arabia [3]. 
 
CO2 is also utilized in Enhanced Coal Bed Methane Recovery (ECBM) for harvesting 
methane from unmineable coal by injecting CO2 into the coal bed. The neutralization of 
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alkali pollutants can be done by using CO2 in polluted areas. Yet another method is to 
absorb CO2 into coal beds that are inaccessible and cannot be mined. Some minerals will 
react with CO2 to form a solid product. There are two methods of doing this; the first is 
mining the reactant mineral and the second is reacting it with CO2 to produce a product 
which can be used in road pavement, or injecting CO2 into subterranean caverns 
containing the reactant mineral, and allowing it to slowly react over time. Other methods 
of CO2 storage include injection into some geological formations, particularly porous 
rock. Calculation of storage capacity can be done of various types of geological 
formation. Akinfiev et al [4] presented theoretical calculations for formation of methane 
by a reaction of CO2 with Fayalite, an abundant mineral, and discussed the possibility of 
a closed carbon cycle. In effect, Fayalite becomes a fuel, with methane being the energy 
carrier, and no emissions to the atmosphere. Many studies are being undertaken on 
sequestration, and many numerical simulations have been developed and tested [5, 6]. 
 
Until now many methods have been proposed for capturing CO2 produced by combustion 
of fossil fuels for production of electricity. The fuel may be burned in air, and the exhaust 
products separated to capture CO2. This usually involves either cryogenic or chemical 
processes, or use of membranes to separate gases. These methods are costly and consume 
a large amount of energy, thus resulting in reducing the power plant efficiency. 
Alternatively, carbon may be removed from hydrocarbon fuel before combustion, for 
example by conversion of methane to syngas, a mixture of carbon monoxide (CO) and 
hydrogen (H2), followed by separation of H2 from the mixture. It is possible to produce 
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pure H2 by this method, so that the H2-using technology is emission free. However it is 
difficult to separate CO from H2 as both are gases and the remaining CO will contain 
some unseparated H2. This mixture is also an energy rich fuel source, and CO2 will be 
produced by burning this CO-rich syngas. Another method is to use O2 only instead of air 
for combustion which gives CO2 and H2O as flue gases and by condensation process H2O 
can be easily separated and CO2 can be sequestrated as discussed in this section. 
Separation of O2 from air takes large amount of energy by conventional air separation 
technology. The other alternative to separate O2 from air is use to Ion Transport 
Membranes (ITM) by which power loss in very low compared to cryogenic methods. In 
the present work, the use of ITM in order to separate O2 and its integration as combustion 
chamber is studied which can retrofit the conventional gas turbine combustion chamber 
to ITM reactor. This concept utilizes a high temperature mixed ionic and electronic 
conducting ceramic membrane to separate O2 from air and in some cases concurrently 
oxidizes the fuel within the same reactor which can reduces the size and can enhance the 
oxygen separation. However, many implication and operational constraints imposed by 
using ITMs within a power cycle still need to be addressed, and the thermodynamic 
penalty must be accessed before the benefits of ITM technology can be realized. In order 
to study whether or not these systems can fit into present power cycles numerical 
simulation is a good approach. Numerical solution of this kind of reactor can help to 
understand the feasibility of using this technology in power cycles. 
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1.2 Problem Statement 
The problem considered in this work is that of an oxygen transport reactor of cylindrical 
shape in which a mixture of CH4 and CO2 (sweep gas) are injected from one side and the 
oxygen permeates through the ITM walls of the combustor.  The combustion products are 
discharged through the other end of the combustor.  The study will focus on the 
following: 
1. Investigating the effect of the oxygen partial pressure in the air side on the oxygen 
permeation rate through the ITM and validation of the computational model 
against the experimental data available in the literature. 
2. Studying the effect of con-current and counter-current flows of sweep gas on 
oxygen permeation for cold combustion 
3. Investigating the effect of the sweep gas composition on the oxygen permeation 
rate through the ITM and the size and geometry of the resulting combustion zone. 
4. Investigating the effect of combustion in the oxygen transport reactor and the 
effect of oxygen permeation rate through the ITM. 
1.3 Objectives 
The objectives of the thesis are listed below: 
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1. To develop a model for permeation of oxygen through Ion Transport Membrane 
(ITM) by creating source and sink terms at the membrane boundary cells in the 
continuity and species transport equation. 
2. Validation of the model developed using experimental data from the literature. 
3. To study the influence of partial pressure and gas temperature on oxygen 
permeation through the ITM. 
4. To study the effect of con-current and counter-current flows of sweep gas on 
oxygen permeation. 
5. To simulate the combustor of an oxygen transport reactor on a cold-combustion 
basis and to study the influence of the CO2/CH4 ratio on oxygen permeation rate 
from rich to lean mixtures. 
6. To simulate the oxygen transport reactor for combustion with one step reaction 
with methane and to study the influence of CO2/CH4 ratio on O2 permeation and 
to determine the amount of methane required for the present combustor. 
1.4 Thesis Outline 
This thesis contains six chapters. 
Chapter 1 introduces the subject of Carbon capture and Sequestration and importance of 
Oxy-fuel combustion to mitigate greenhouse gases specially CO2. The utilization of CO2 
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in various industrial processes is also presented. The problem statement and objectives of 
the present thesis are discussed. 
Chapter 2 is mainly a literature review and is divided in four sections. First section is 
about carbon capture methods and the second section focuses on oxyfuel combustion in 
power cycles. The third section is about the membrane separation technologies used for 
these CO2 capture operations and viability of these systems in power cycles. The last 
section highlights the numerical schemes that were applied by previous researcher for 
separation technologies. 
In Chapter 3, a membrane permeation model has been developed in order to study 
separation of O2 from air by using different compositions of  inert sweep gas. It also 
explains the combustion methodology that has been adopted (single step chemistry) to 
create the reducing environment when fuel is used as sweep gas.  
In Chapter 4 the numerical method used for solving the flow, species transport and 
combustion processes is discussed. The results of grid independence test and validation 
of the C.F.D code are presented. 
Chapter 5 is divided into two sections. The first section focuses on discussion of reslts in 
the case of cold combustion and the second section focuses on discussing the results in 
the case of combustion. 
In Chapter 6, the conclusions of this study are presented. The recommendations of 
possible future research in this area also presented. 
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CHAPTER 2    
LITERATURE REVIEW 
The literature review presented in this chapter is divided into four sections. The first 
section presents the research done in carbon capture and sequestration technologies and 
the attempt of changing from air-fuel combustion to oxyfuel combustion in power 
generation systems and the economic viability of these systems. In the second section, the 
research work accomplished to use the oxyfuel process in power cycles. In the third 
section, the research carried to develop alternatives to replace the air separation unit by 
membrane reactors which save a good amount of power. The last section of this chapter 
presents the numerical work carried out to model separation of species from a mixture of 
gases. 
2.1 Carbon Capture and Sequestration technologies 
The statement given by IPCC [7]: 'Emissions of CO2 due to fossil fuel burning are 
virtually certain to be the dominant influence of the trends in atmospheric CO2 
concentration during the 21st century'. CO2 is considered to be the greenhouse gas that 
makes the largest contribution from human activities. With the on-going debate on global 
warming and climate changes there is a clear incentive to investigate strategies to reduce 
the emissions of CO2 to the atmosphere. One way to achieve this is to remove CO2 from 
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exhaust gases from the power plants and store it away from the atmosphere, i.e. CO2-
capture and sequestration.  
 
M
T
o
E
Oil
Gas
Coal
Electricity
Others
Combustible 
renewables
 
Figure 1 World Energy consumption based on usage based on the types of fuel (Mtoe) [8] 
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Figure 2 World CO2 emissions from different types of fuels (Mt of CO2) [8] 
 
Figure 1 show how the world energy is produced in the last few decades [8]. As most of 
the energy is produced from fossil fuels, this also causes an increase in CO2 emissions 
which can be seen clearly in Figure.2. According to IPCC [9], the average yearly growth 
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in CO2 emissions during the period 1995-2001 was 1.4%, a number that was higher than 
the five year period before that. 
 
In this thesis, CO2-capture and storage will be referred to as CCS. When considering 
combustion of fossil fuels, it is required to separate CO2 from flue gases and store it 
somewhere away from the atmosphere. While capture of CO2 is possible for all types of 
combustion, it is only considered to be viable for large power (or industrial) plants. 
Capture of CO2 from, for instance, an automobile engine would be very expensive, and it 
would also be a major problem to gather all the captured CO2 and store it. Figure 3 shows 
four different concepts to achieve CO2 capture. One is an industrial plant where CO2 is 
separated from the flue gases in the process. The other examples are power plants, for 
which there are three different approaches for carbon capture; post-combustion, pre-
combustion and oxy-fuel. These approaches will be discussed in more detail below.  The 
common process in all of these approaches is the handling of the captured CO2. For 
transportation of CO2, it should be compressed and possibly liquefied to reduce its 
volume. Several options are available as storage sites, but only deep ocean and large 
geological formations are considered to be large enough to handle the required quantities. 
Depleted oil and gas fields have been suggested as a promising storage place as discussed 
in the introduction. Oil wells are already drilled, and equipped for injection to the 
underground, thus become appropriate sites for CO2 sequestration. Another advantage of 
CO2 injection in oil wells is its usage in enhancing oil recovery. 
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Figure 3 CO2 capture system [9] 
 
2.1.1 Pre-combustion capture: 
 
Decarbonisation of fuel gas is done in pre-combustion systems. In chemical and refining 
industries, this process has been used for hydrogen production for more than five decades 
[10]. In this type of systems, the primary fuel is processed in a reactor in the presence of 
steam and air (or oxygen) to produce a mixture consisting mainly of carbon monoxide 
and hydrogen (synthesis gas). The reaction between the carbon monoxide with steam in a 
second reactor (a “shift reactor”) produces additional hydrogen and CO2. The resulting 
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mixture of hydrogen and CO2 can then be separated into a CO2 gas stream, and a stream 
of hydrogen. If CO2 is stored, the remaining hydrogen is a carbon-free energy carrier that 
can be combusted to generate power and/or heat with no CO2. Although the initial fuel 
conversion steps are more elaborate and costly than that of post-combustion systems 
which is discussed in later sub-section, the high concentrations of CO2 produced by the 
shift reactor (typically 15 to 60% by volume on a dry basis) and the high pressures often 
encountered in these applications are more favourable for CO2 separation. Pre-
combustion can be used in natural gas or coal based plants that employ integrated 
gasification combined cycle (IGCC) technology as can be seen in Figure 4. 
 
Figure 4 Pre-combustion process [9] 
 
2.1.2 Post combustion capture: 
It involves separation of CO2 from the flue gases produced by the combustion of the 
primary fuel in air. These carbon capture systems normally use a liquid solvent mostly 
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amines- to capture the fraction of CO2 present in the flue gas stream by a chemical 
reaction. The flue gas must contain very low levels of oxides of nitrogen and sulphur 
(NOX and SO2) to form stable, non-regenerable salts in reaction with the amine. This 
means that post-combustion CO2 capture on coal fired power plants requires upstream de-
NOx and flue gas desulphurization (FGD) facilities. The solvent is then regenerated. 
 
For a modern pulverized coal (PC) power plant or a natural gas combined cycle (NGCC) 
power plant, current post-combustion capture systems would typically employ an organic 
solvent such as monoethanolamine (MEA) [9, 10, 11, 12]. 
 
The requirement of heat for the current generation of solvents is high and has a major 
impact on the overall efficiency of the power plant since steam which would otherwise 
generate power in the LP turbine of the plant is now used to regenerate the solvent 
instead. Integration of the heat cycle of plants fitted with post-combustion capture is 
essential to minimise the impact of the capture process on the overall plant efficiency 
[13]. 
 
2.1.3 Oxyfuel Combustion: 
Oxyfuel combustion systems use oxygen instead of air for combustion of the primary fuel 
to produce a flue gas that is mainly consisting of water vapour and CO2. Normally, the 
flue gas has high CO2 concentrations and by cooling and compressing the gas stream, 
water vapour can be removed easily. It may have potential as a part of a system for 
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capturing and storing CO2 as the nitrogen concentration in the flue gas is much lower 
than that in case of using air for combustion. So, the CO2 can be stored with less 
downstream processing. Oxyfuel combustion systems are, in principle, able to capture 
nearly all of the CO2 produced. However, the need for additional gas treatment systems to 
remove pollutants such as sulphur and nitrogen oxides lowers the level of CO2 captured 
to slightly more than 90%. The most widely considered technology for oxygen 
production is cryogenic air separation. The auxiliary power consumption of a cryogenic 
air separation unit is high and has a major impact on the overall efficiency of the power 
plant. Further treatment of the flue gas may be needed to remove air pollutants and non-
condensed gases (such as nitrogen) from the flue gas. As a method of CO2 capture in 
boilers, Oxyfuel combustion systems are in the demonstration phase. Oxyfuel systems are 
also being studied in gas turbine systems, but conceptual designs for such applications are 
still in the research phase [9] and the related flow diagram can be seen in Figure 5. 
Integration of the thermodynamic cycle of plants fitted with Oxyfuel capture is essential 
to minimise the impact of the capture process on the overall plant efficiency. 
 
 
Figure 5 Oxyfuel Process [9] 
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Among all capture methods, CO2 scrubbing techniques are the most mature. MEA-based 
scrubbing has been utilised for more than 60 years for natural gas purification and food-
grade CO2 production. In particular, Rectisol and Selexol processes have been 
commercially used since the 1990s for CO2 capture in the refining, chemical and fertilizer 
industries and are today extensively used in gasification plants to purify synthesis gas for 
downstream chemical applications. Current units, using these techniques, are able to 
remove thousands of tonnes of CO2 per day [14]. However, they have not yet been 
demonstrated on the large scale necessary for 90% CO2 capture from a typical 500MW 
coal fired power plant where 10000–15000 tons of CO2 would be removed per day. 
Other capture technologies such as anti-sublimation, enzymes and algae for post-
combustion and chemical looping and high pressure oxy-reactor are still at an early stage 
of development, with commercial deployment generally considered to be unlikely before 
2025.  
2.1.4 Economic viability: 
The study of economic viability of these technologies is an important issue that has to be 
considered. Since the coal fired power plants generate high rate of flue gases but with low 
CO2 concentration. There is huge capital investment needed to install the post 
combustion systems for massive volumes of flue gases in the present conventional power 
generation systems. Since most of the processes for CO2 capture is energy intensive, pre-
combustion or oxyfuel processes are viable processes which lies within low investment. 
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The Air Separation units (ASU) which uses cryogenic process to separate of oxygen and 
nitrogen may alone consume about 13% of the power plant output [15]. On the other 
hand gas separation membranes have relatively low energy consumption and their 
integration into membrane reactors is very promising. Therefore, they are excellent for 
gas separation in retrofitting coal-fired power plants and the oxyfuel combustion power 
plant. 
2.2 Oxyfuel combustion in power cycles 
In his paper, Kvamsdal et al [16] reported a comparison of power plant overall efficiency 
utilizing different CO2 capture techniques with that of conventional power plant with no 
CO2 capture as shown in Figure 6. The figure indicates a maximum efficiency of 57% for 
conventional power plant with no CO2 capture. It can be seen that technology progresses 
towards 100% CO2 capture with higher efficiency.  Out of many cycles shown, Advanced 
Zero Emission Process (AZEP) cycle showed maximum carbon capture with very low 
efficiency penalty. It 85% CO2 capture the efficiency penalty was 4% compare with no 
CO2 capture and with 100% CO2 capture it was 7% .  From the technical side, the oxyfuel 
process can be applied to the existing coal-fired power plants and we can build new one 
with only oxyfuel combustion chambers [17]. The new technology of membrane 
separation and combustion is not yet fully matured to commercialize to manufacture a 
large scale power production unit. 
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Figure 6 various technology showing efficiencies [16]. 
However, the efforts put by the researchers [18, 19, 20, 21, 22] show great potential to 
implement this membrane integration with oxy-rich fuel combustion. Several aspects of 
oxyfuel processes for use in coal-fired power plant are currently under investigation, e.g. 
boiler design, combustion reactions and chemistry of combustion, sealing issues for 
Oxygen Transport Reactor (OTR) in order to to make this technology more viable. 
Vattenfall a Sweden based company has commissioned the world‟s first coal-fired plant 
with CO2 capture technology in September 2008 with a thermal capacity of 30 MW [23].  
The idea of this oxyfuel combustion can be extended to natural gas combustion with 
membrane integration in a combustion chamber. More work has to be done for 
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clarification of combustion issues such as reaction kinetics, ignition (in case of coal-
fired), flame stability, sealing of membrane and the activation energy required for 
operating these OTR. 
2.2.1 Combustion in power cycle 
The combustion oxidizer generally used for oxyfuel processes should have a purity of 
more than 95% and the rest being nitrogen [24, 25]. In coal-fired combustion there must 
be excess oxygen supplied to the boiler which is necessary to obtain a stoichiometric and 
homogenous combustion. In the flue gas, there will be CO2 along with H2O vapours with 
small concentration of NOx, SOx, etc. The boiler flue gas is sent to a clean-up process to 
remove acid gases and particulates. Then it is again treated for NOx removal in deNOx 
treatment unit, this NOx generation due to the air-leakage in boiler which accounts to 
8%-15% [24]. SOx treatment is also necessary for the removal of sulphur inside the 
boiler [26, 27]. After complete dehumidification of the flue gas, it is estimated that the 
purity of remaining CO2 ranging 85% to 95% [18, 28, 11] and is ready for compression 
and storage. 
If the combustion is done with natural gas (mainly methane) in an oxygen transport 
reactor then the process of DeNOx and DeSOx treatment can be avoided since with 
membranes supply very high purity of oxygen and the leakage is also negligible 
compared to boiler furnace. Since the oxygen flames give higher temperatures that should 
be controlled, around 2/3 of the flue gas need to be recycled [17]. The missing element of 
N2 is replaced by recycled CO2 which will carry away the heat and will increase the 
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concentration of CO2 [27]. Moreover, the recycled CO2 is used to sweep out the permeate 
side of the membrane thus lowering the oxygen partial pressure and allowing the required 
gradient of O2 partial pressure across the membrane. 
2.2.2 Flue Gas Composition: 
The work done by Kakaras et al [25] for lignite fired power plant with oxyfuel boiler 
shows a composition of 66% of CO2 by weight and 19% of H2O and N2 and Ar of 8% 
and O2 is 1% at boiler exit. The emission analysis done by Fabienee et al [26] for a small 
lab scale plant with a capacity of 1.5 MW showed flue gas composition of 80% CO2, 17 
% N2, and 3% of O2. The study done by Singh et al [11] indicated that for the 400 MW 
pulverised coal-fired power plant, the dry flue gas composition was 91% CO2, and 75% 
CO2 on wet basis. These studies showed that the ideal O2 to CO2 ratio in the feed is 30/70 
with around 50% recycled flue gas which will lead to CO2 purity of more than 97% [21, 
22, 27]. 
In general oxyfuel combustion process in which oxygen is separated and feed to the 
combustion chamber, is considering two mechanisms for the flue gas recirculation. The 
first mechanism is called “wet recycling”, the flue gas is recycled directly after clean-up 
processes removes particulates and acid gases. The swept gas will be mainly composed of 
water and CO2. The second mechanism is “dry recycling” in which water is removed 
from the flue gas by condensation. This condensation doesn‟t remove all water but after 
condensation the flue gas passes through molecular sieves to eliminate the water 
completely [28]. The schematics of the two mechanisms are shown in Figure 7 and 8. 
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In case of Oxygen transport reactor in which O2 permeation and combustion takes place 
at the same time, the recycled CO2 will play a major role in controlling the temperature of 
the reactor and increasing the CO2 concentration at the exit of the combustor. 
 
Figure 7 Oxyfuel process with water condensation [25] 
 
Figure 8 Oxyfuel process without water condensation [28] 
2.2.3 Oxyfired power plants incorporating oxygen transport membranes (OTM): 
A number of configurations are designed and some are installed while others are under 
laboratory testing. In 2005, the world‟s first oxyfired power plant was installed in 
Kamberlina, California, USA by Clean Energy Systems (CES) [29].  
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As stated earlier, the cryogenic air separation is accompanied by huge loss of efficiency 
of oxyfired cycles. The air separation with cryogenics requires air compressing and then 
cooling to very low temperature of about -183
o
C which liquefies oxygen for separation 
from nitrogen. The liquefied oxygen is then heated and used in oxyfired cycles; the whole 
process accounts of 13% loss of efficiency [15]. However, OTMs offers oxygen 
production without high adverse effect on efficiency. Oxygen transport Membranes have 
been incorporated in power cycles and a well-developed example is Advanced Zero 
Emission Power (AZEP) cycle [30] as shown in Figure 9. In this cycle, air after being 
compressed, it is split into two parts. The first of is used to heat steam and air, while the 
other part is mixed with oxygen in OTM unit which is sometimes called as Mixed 
Conducting Membrane reactor (MCM) in the figure 9 and returns to the combustion 
chamber as oxidant. The membrane conducts oxygen to the fuel side and heats the air 
side. The membrane doesn‟t have to withstand flames since combustion occurs away 
from the membrane wall, but hot combustion products enters the OTM reactor at 
temperature close to adiabatic combustion temperature. The oxygen depleted turbine 
(main turbine) drives both air compressor and the electrical generator. The combustion 
products are used to heat the working fluid in the Rankine cycle and are then cooled to 
condense H2O after boiler leaving only CO2. The thermal efficiency of AZEP cycle was 
is compared with conventional combined cycle power plant and it was found to be about 
8.3% lower [31]. 
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This efficiency loss is mainly due to the reduced inlet turbine temperature which was 
about 1200 
o
C and it causes significant amount of power loss both in steam and gas 
turbine. The efficiency of the cycle was claimed to increase, by increasing the inlet 
turbine temperature which can be done by additional fuel firing in the heated air steam 
before the gas turbine, from 50% to 54% [31] but with a penalty of CO2 capture which 
was about 8.5%. The other cycle which was developed with OTM is Oxycoal-AC cycle 
in Germany. By the name suggests pulverised coal is used as fuel. The combustion 
products provide heat to air stream and bottoming Rankine cycle.  In this cycle, air 
turbine drives the compressor and the power is generated in bottoming cycle only. The 
efficiency of the cycle was reported 41.6% with 4-end concept and 39.7% with 3-end 
concept [32]. The 4-end concept and 3-end concept is described in the next paragraph and 
shown in Figure 10 and 11. 
Stadler et al [33] carried out research on oxyfuel coal combustion by efficient integration 
of Oxygen Transport Membranes for possible implementations of OTM into an Oxyfuel 
process through three-end and four-end integration of membranes. He focused on the 
overall cycle efficiency for different level of integration which includes low, medium, 
high integration, high integration with fogging and Co-firing. The four-end concept refers 
to the application of sweep stream on the low pressure side in order to remove the 
permeating component and thereby increasing the driving potential whereas in the  three-
end concept vacuum is applied at the permeate side and can be seen figure 12. 
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Figure 9 AZEP Oxyfired cycle incorporating OTM [30] 
The OTM materials used in the analysis was BSCF. The operating temperature of the 
membrane was about 825
o
C and the mean oxygen partial pressure ratio was in between 3 
and 26. The oxygen flux across the membrane is determined by the following Wagner-
equation  
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where wagnerC  and wagnerK  are membrane material properties and constants which can be 
determined experimentally. 
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Figure 10 4-end integration system [32] 
1. Membrane 2. Coupled turbo components 3. Recirculation fan 4. Hot flue gas cleaning 5. CO2 
conditioning 
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Figure 11 3-end system integration [32] 
1. Membrane 2. Air preheater 3. Coupled turbo components 4. O2 cooler 5. Vacuum pump 6. 
Recirculation fan 7. Flue gas cleaning 8. CO2 conditioning. 
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Figure 12 Oxygen Conduction in OTM in four-end design (left) and three-end design 
(right) 
It‟s was expected that the efficiency can be improved through optimisation of membrane 
operation parameters such as oxygen separation degree, the partial pressure ratio and the 
total pressure ratio. It was found from the analysis that the oxygen concentration varies 
linearly with the separation degree and with 90% separation degree, 16.5 vol% 
concentration of oxygen and with the partial pressure ratio of 26 the adiabatic flame 
temperature achieved was about 1500
o
C. The analysis gives quite evidence of the four-
end design got more capability of producing high efficiency than three-end design shown 
in figure 12. The critical remarks found are the membrane material stability at high 
elevated temperatures and permeability of the membranes which affects the overall 
efficiency of the plant. 
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The concept developed by E Yantovski [34] for oxyfired power plant with zero emission 
resulted in a new cycle called ZEITMOP (Zero Emission Ion Transport Membrane 
Oxygen Power) cycle. This cycle is shown in Figure 13 and was developed to work on all 
type of fossil fuels. The cycle has three turbines, one for combustion products, second for 
depleted oxygen and third for CO2 recirculation through the system. 
 
Figure 13 The ZEITMOP cycle in which OTR is remote from Combustion chamber [33] 
Methane (1) is compressed in compressor A (2) and burned in combustion chamber B in 
a mixture of O2 and CO2 (17). The exhaust products (3) are expanded in turbine C (4) and 
are then cooled in two heat exchangers D and E (5,6) before being further cooled in 
cooling tower F (7), causing the water in the combustion products to condense. Th liquid 
water is separated in water separator G and removed (18) leaving almost pure CO2 (8). 
The CO2 is compressed in a three stage compressor H with intercooling in the cooling 
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tower F to 210 bar (9-13) and the portion born of combustion is captured (19). The rest of 
the CO2 (14) is heated in heat exchanger E (15) and expanded in turbine I (16) before 
entering the OTM unit J where it is mixed with O2 (25), then returns to combustion 
chamber B (17). Air (20) is compressed in compressor K (21) and heated in heat 
exchanger D (22) before entering OTM unit J in which the O2 required for combustion 
(25) is separated. The hot depleted oxygen air is expanded in a turbine L (23) before it is 
being discharged to atmosphere. The water and CO2 produced from combustion was in 
liquid phase hence they are considered as effluents, not emissions. The water can be 
removed totally in separator G and CO2 is captured and sequestrated.  
The approximate pressure and temperature obtained in the range 15 to 40 bar and 800 to 
900
o
C for oxygen separation through dense, nonporous, mixed-conducting ceramic 
membranes. The paper shows how the efficiency varies with different cycle selection and 
implementation of ITMs. To show the feasibility of ITMs, the numerical analysis of 
ZEITMOP power cycle with separate combustion and ITM reactor was done [33]. The 
economic issue such as cost of manufacturing membranes and oxygen flux at 900 
o
C 
were discussed. For the combustion temperature range of 1000-1400
 o
C, thermal 
efficiency obtained between is in the range of 46%-52% with CO2 circulation. 
Foy [35] carried out a computational analysis for the combined OTR and combustion 
chamber in ZEITMOP cycle as shown in Figure 14. The ZEITMOP-Combined cycle was 
simulated at a combustion pressure of 15 bar and combustion temperatures of 1000°C 
(which would be the likely maximum combustion temperature if perovskite membranes 
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were used) and 1400°C. It is similar to the previous cycle but the average working 
temperature in which OTR was changed with separate module and combined module of 
OTR. The combined ZEITMOP cycles showed a realistic behaviour and more work is 
needed to optimise the cycle efficiency and parameters that involve the design of OTR to 
work at high temperature with controlled combustion. Tzimas et al [36] investigated the 
impact of CO2 capture in fossil fuel power plants on the emissions of nitrogen oxides 
(NOx) and sulphur oxides (SOx). This was done by estimating the emissions of these 
chemical compounds from natural gas combined cycle and pulverized coal plants, 
equipped with post-combustion carbon capture technology for the removal of CO2 from 
flue gases, and comparing them with the emissions of similar plants without CO2 capture. 
It was indicated that the NOx emissions from the power generation sector are likely to 
increase when carbon capture technologies are implemented on a large scale, due to the 
reduced efficiency of such power plants. 
For optimizing the thermal efficiency of the cycle, many formats can be selected for CO2 
capture and improving the working performance of OTR. This has very wide potential in 
making hybrid power plants with OTR for carbon capture and integrating with the 
renewable energy sources like solar. Foy‟s [35] work was focused on the study of 
combustion chamber with OTR and the result can be used to optimise the total cycle 
efficiency. From the above discussion it was found that there is potential in changing the 
technology from air-fuel to oxy-fuel is worth and that needs more research to address the 
problems in implementing the change.  
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Figure 14 The ZEITMOP cycle with OTR and combustion chamber combined [35] 
2.3 Membranes for gas separation in Carbon capture and sequestration 
Generally there are three types of membranes currently available for gas separation 
applications and are considered for CO2 capture: 
 Organic porous polymer membranes. 
 Inorganic porous membranes, amorphous or crystalline 
 Inorganic dense membranes, metallic or ceramic 
Organic polymeric membranes are excellent candidate for CO2 separation from N2 for the 
post-combustion process. These membranes can even separate the H2/CO2 in pre-
combustion process but they have low thermal stability and not suitable for high 
 31 
 
temperature and pressure applications [37]. On the other hand dense inorganic 
membranes are suitable for H2/CO2 and O2/N2 separation.  
2.3.1 Mixed Ionic and Electronic Conducting (MIEC) Membranes for O2/N2 separation: 
MIEC membranes have been tested for oxygen separation from air and regarded as clean, 
cost effective technology. These membranes are dense in nature with no detectable pores 
which means that the oxygen molecules cannot pass through these membranes. These 
membranes have the capability of separating oxygen from air because of the oxygen 
vacancies in the crystal lattice which is created by doping of the material. Oxygen ions 
are transported from one side of the membrane to the other by a mechanism called 
hopping. This mechanism is activated only if the oxygen anions have enough thermal 
energy to overcome the energy barrier to hop from one side of the crystal lattice to the 
other which means that the membrane are operable at high temperatures. The typical 
range for the membranes to activate the mechanism of oxygen transport is 700
o
C to 1000
 
o
C [38]. There will be a counter-balancing electron transport to maintain electro-
neutrality in the material and there is no need of any potential voltage for the oxygen 
transport. 
2.3.2 Oxygen Transport Theory: 
In ITM membranes, the oxygen transport occurs because of the partial pressure 
difference across the membranes. The oxygen molecules dissociated into O
2-
 anions at 
the high oxygen partial pressure side (feed side) and travel through lattice and released at 
low oxygen partial pressure side where these anions recombine again to form oxygen 
molecules. The oxygen flux is depended on the membrane electronic and ionic 
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conductivity. Flux is maximum when the electronic and ionic transference number is 0.5 
for fixed total conductivity.  The oxygen permeation rate is controlled by two main 
factors, one is the rate of interfacial oxygen exchange on both sides of the membrane and 
other is the rate of solid state diffusion within the membrane material. The oxygen 
transport through the membrane involved three progressive steps: the surface-exchange 
reaction on interface I, the simultaneous bulk-diffusion of charged species and 
electron/electron holes in the bulk phase and the surface-exchange reaction on the 
interface II [15]. After a certain thickness of the membrane the diffusion is the rate 
determining mechanism and when the thickness is reduced, oxygen transport across the 
interfaces I and II becomes the limiting factor and the variation of thickness and the 
mechanism affecting it is shown in Figure 16. 
 
Figure 15 Different sections of ITM involved in oxygen transport during oxygen 
permeation 
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As long as the bulk diffusion mechanism is dominant, oxygen flux permeation can be 
increased by decreasing the thickness of the membrane.  When the thickness reaches a 
characteristic membrane thickness
cL , the oxygen permeation is controlled by both 
surface exchange kinetics and bulk diffusion. For membrane thickness less than
c2L , the 
permeation flux becomes independent of membrane thickness and it can be seen figure 
16. The characteristic thickness of the membrane is defined as the ratio of self-diffusivity 
of oxygen to surface exchange coefficient [39]. 
s
c
io
D
L =
k
 
 
 
                                                                                                                   (1)
 
The transport of oxygen is influenced by many factors related to microstructure such as 
grain boundary diffusion and order-disorder phenomena, roughness and porosity of the 
membrane surface. 
 
Figure 16 Variation of regime from bulk-diffusion to surface-exchange reaction limited 
with decreasing membrane thickness [38] 
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2.3.3 Bulk transport theory: 
The diffusion process in the thick membrane is commonly the slowest step. The Wagner 
theory can be used to describe the oxygen flux 
2O
J  [40]. 
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where ti , te  is the ionic and electronic transference numbers respectively which are 
defined as ratio of electronic (σe ) or ionic conductivity (σi) over sum of them. 
Equation (2) has been derived by assuming that local equilibrium exists between the two 
charged species such as oxygen ion and electron and a hypothetical neutral species such 
as molecular oxygen in the bulk oxide. For consideration, at least three species can 
contribute to the bulk-diffusion which are (a) oxygen vacancies, (b) electrons or (c) 
electron holes. Each of them might be the slowest moving species and therefore limiting 
the oxygen flux. 
2.3.3. (a) Oxygen vacancies diffusion: 
In mixed ionic and electronic conducting membranes, the electronic conductivity 
dominates, that is σe >> σi, the integral of equation (2) involves only σi as a function of 
oxygen partial pressure. Assuming ideal thermodynamic system, the chemical potential 
can be written as 
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Nernst-Einstein correlation [41] for the ionic conductivity is expressed as,  
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For average value of 
i  and for small oxygen partial pressure gradient the oxygen 
permeation flux equation can be integrated as, 
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The above equation is valid for very rare cases such as the case of tubular membrane [42] 
working under 700
o
C-900
 o
C for partial pressure of oxygen at feed side is in between 
0.09-1.0 atm. 
 In general, if the oxygen ionic conductivity can be correlated [43] to oxygen partial 
pressure in a simplified manner, then the oxygen flux can be given by, 
2
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Kim et al [44, 45] have derived generalise form of equation describing oxygen 
permeation through tubular perovskite membrane assuming that density of vacancies at 
the interfaces does not change. Equation (10) shown below is for Bulk-diffusion limited 
region in tubular perovskite membranes. 
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 .              (11)  
2.3.3. (b) Electron diffusion:   
The electronic defects could be properly assumed and can be given in the equation (12). 
Furthermore, by using the law of mass action; equation (13) can be derived. The 
electronic concentration is proportional to
2
1
4
OP

, if the concentration of all other species 
(oxygen vacancies and interstitials) is much higher. Therefore, the electron concentration 
can be taken as constant, when ti 1(ionic conductivity is dominant). Therefore equation 
(2) can be modified resulting in equation (14). In this equation, electronic conductivity is 
a function of electron concentration as shown by equation (15). From the above 
mentioned assumptions the oxygen permeation flux is depended to -1/4
th
 order of oxygen 
partial pressure and is given by equation (16). The mentioned equations are best fitted 
with the results of Han et al [46], and Nigara el al [47].  
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2.3.3. (c) Electron hole diffusion: 
The electron holes equation can be represented as follows, 
2 2 2 4
x
O OO V O h
                                                                                                       
(17) 
Further, by using law of mass action; equation (18) can be obtained. By the same 
assumptions used in electron diffusion, oxygen flux equation (19) can be derived which 
also shows the dependence of 1/4
th
 order of partial pressure of oxygen and this has been 
reported by Han et al[46], Capoen et al [48] and Dou et al [49]. 
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2.3.4 Surface exchange- limited reaction: 
This mechanism is dominant when the oxygen transport resistance in the bulk-diffusion 
phase becomes very small due to increase in the ionic or electronic conductivity or due to 
reduction in the thickness of the membrane. In this case, the Wagner equation is not 
applicable. Other relations were developed to explain the behaviour of oxygen transport 
within this regime. Dou et al [49] proposed a possible mechanism the surface reaction 
into bulk-diffusion as following:
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(25) Surface exchange reactions are expected to be sequential and may consist of 
adsorption from the gas phase, charge transfer reaction between the adsorbed species and 
bulk including the reversed reactions as shown in Figure 17. 
If the slowest moving species considered is O
x
 at the interface I, and using the law of 
mass action, the following relation for charged and absorbed oxygen species from 
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equation (20) and (21) applies. A proportional constant K represents the equilibrium 
constant. K is specific for each type of reaction as indicated in its subscript which refers 
to the primary product of the reaction. 
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If the oxygen flux is proportional to the concentration of species O
x
, then the oxygen flux 
can be represented as equation (26). 
 2 2 2
'1 1"
2 2
O O OJ P P                                                                                                          (26) 
where 1 L   ; 1  is the bulk-diffusion step constant determined experimentally and L 
is the membrane thickness. 
 Kim et al [44] derived an equation which accounts for the surface exchange kinetics for 
tubular perovskite membranes which was used to fit the oxygen permeation data for 
SrCo0.8Fe0.2O3- and Sm0.5Sr0.5CoO3-. 
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Figure 17 Surface exchange and bulk diffusion mechanism 
2.3.5 Generalized transport equation: 
Incorporating all mechanisms into a single explicit equation was demonstrated by many 
researchers [49-56] with the following assumptions. 
i. The oxygen permeation rate across the membrane is governed by the flux of 
oxygen vacancies since the electronic conductivity in perovskite is much 
greater than its ionic conductivity. 
ii. A steady-state electric field gradient is negligible due to fast movement of 
electron holes (electronic holes is assumed to dominate the electronic 
conductivity). 
iii. Ideal gas behaviour is applied to the gas phase. 
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iv. The radial diffusion is neglected while the diffusion coefficient of oxygen 
vacancies 
vD  is assumed to be constant. 
v. Surface-exchange reaction in the feed side is governed by equation (17) while 
the reverse of equation (17) applies to the permeate side, both with the rate 
constants 
fk  and rk that are equal for both sides. 
vi. Concentration of electron holes is considered constant at both sides of the 
membrane while the law of mass action is applied for other components. 
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The above equation (28) is derived for specific disk-shaped membranes and has been 
shown to fit the oxygen flux for LSCFO in the temperature range 750
o
C-950
o
C and for 
0.21-1.0atm oxygen partial pressure at the feed side. In the equation, each term in the 
denominator represents resistance in the feed, bulk membrane and permeates side 
respectively. 
Xu et al [52] carried out similar analysis for disc membrane LCSF6428 and a correlation 
is developed for steady state oxygen permeation flux.    
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Where
vD , fk , rk  are functions of temperature and specific properties of the membrane 
and can be obtained by fitting experimental oxygen flux data as a function of temperature 
and oxygen partial pressure gradients. 
The above equation can be rewritten in form as, 2
2
O
O
t
P
J
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  
Where 
2 2 2
"0.5 '0.5( / )(1/ 1/ )O r f O OP k k P P    is oxygen pressure driving force across the 
membrane and 
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If any one step is limiting then its resistance dominates the total partial pressure 
difference, so the permeation flux based on the single step can be given as follows 
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The value of
vD , fk , rk   can be obtained by the following expressions. 
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Where , ,r D fE E E is the activation energies (kJ/mol) and 
0 0 0, ,r v fk D k  are pre-exponential 
coefficients for reverse, bulk and forward reaction rate constants. 
Tan and Li [50] derived the O2 permeation flux equation(30) for tubular membrane 
accounting for bulk diffusion of oxygen vacancies in the membrane and the surface 
oxygen exchange kinetics on either side of the membrane by considering no mass transfer 
resistance between gas and the membrane surface. 
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where, 
2O
J is the oxygen permeation molar flow flux, mol/cm
2
-s, 
 ln
o in
m
o in
R R
R
R R

  , Rm 
is the average radius of the tubular membrane, in which 
oR  and inR  is the outer and the 
inner radii of the tubular membrane in cm, 
et  is the effective thickness of the membrane 
wall and for symmetric membrane it is given as
e o int R R  . 
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It can be seen that the total permeation resistance is composed of three parts: 
i. The exchange reaction at the inner membrane surface (permeate side).
2
" 0.5
1 ( ) / /O r m inR P k R R   
ii. The bulk diffusion 
2 2
" 0.5 ' 0.5
2 2 / ( ) ( ) /e f r O O vR t k k P P D   
iii. The exchange reaction at the outer membrane surface (feed side).
2
' 0.5
3 ( ) / /O r m oR P k R R   
The 
2
'
OP and 2
"
OP  are the partial pressure of oxygen at the feed side and the permeate side 
respectively.
1R , 2R , 3R  are the resistances to oxygen permeation as described above and 
these resistances has the units (atm
0.5
cm
2
sec/mol).
vD is the diffusion coefficient of 
oxygen vacancies in the membrane (cm
2
/s); fk  (cm atm
-0.5
s
-1
) and 
rk (mol cm
-2
s
-1
) are 
the forward and the reverse reaction rate constants for the surface exchange reaction 
shown in equation (31): 
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(31) 
The charged defects are defined using KrÖger-Vink notation [15] where xoO  represents 
lattice oxygen, OV
  the oxygen vacancy and h  the electron hole. Both, diffusion 
coefficient of the oxygen vacancy and the surface exchange reaction constants are 
function of temperature but independent of the oxygen partial pressures [57]. 
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Tan et al [57] predicted these constants for LSCF6428 in analysis for oxyfuel combustion 
using membranes and are given in equations (32-34). In these equations, T  is the local 
temperature in K. 
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Wang et al [58] conducted oxygen permeation study in a tubular Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
oxygen permeable membrane.  Oxygen permeation flux was measured at different partial 
pressure on both side of the membrane for different membrane temperatures in the range 
of 700 and 900 
o
C. The experimental setup consist of a tubular membrane of dia 4.96 
mm, shell of dia 29 mm and length 17.68 mm. Air (O2 and N2) is used as feed at shell 
side with mass flow rate of 300 ml/min and He is used as sweep gas in tube side with 
mass flow rate of 60 ml/min for varying oxygen partial pressure in shell side from 0.09 
atm to 1 atm and for temperature range between 700-900 
o
C. The results show that the 
oxygen permeation flux increases with increase of partial pressure of oxygen at shell side 
for a constant temperature. The increase of temperature also greatly affects the 
permeation flux along with the partial pressure of O2 at the feed side. The analysis was 
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done considering two mechanism of transport of oxygen, one is surface exchange current 
model and other is bulk diffusion given by equations (26) and (10) respectively. 
Guillodo et al [59] conducted experimental analysis for oxygen permeation through dense 
Bi2V0.9Cu0.1O5.35 ceramic membranes. The oxygen permeation was decomposed in three 
steps: bulk diffusion, surface exchange between oxygen and oxygen vacancies at feed 
side and surface exchange between oxygen and oxygen vacancies at permeate side. The 
oxygen flux is modeled using Wagner theory [40] assuming that both surfaces of the 
membrane are in equilibrium with the imposed gas atmospheres. The oxygen permeation 
flux was correlated as equation (19).The experiments are done on three cells and out of 
which two cells are coated with porous gold layer. The amount of oxygen permeation 
flux was calculated by varying the pressure at the feed side between 10
2
and 10
5 
Pa. The 
results show that permeation flux is proportional to the  1 2n nP P where the best fit value 
of n obtained to be 0.5. The maximum value of oxygen flux was 79.1 10 mol cm-1min-1 
for 923 K and 10
5 
Pa. 
Taheri et al [60] made a comparison for the permeation of oxygen flux through three 
membranes SCF, LSCF (6482) and LSCF (8264). For a given membrane, the oxygen flux 
was found to be a function of temperature and partial pressures. The permeation of 
oxygen was assumed to be dominant by bulk diffusion as given by equation (7).The 
temperature was assumed 1153 K and the membrane thickness was 0.84 mm. The partial 
pressure of oxygen at the feed side was varied between 0.1-1.0 bar and the air mass flow 
rate was 150 mL/min and the sweep gas (He) flow rate was 25 ml/min. The flux 
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increased as LSCF (8264) <LSCF (6482) <SCF (82). The increase of flux was found to 
be proportional to the ratio of natural log of partial pressure of oxygen at feed to permeate 
sides and reaches a maximum value of 1.0×10
-7 
mol/cm
2
.s for LSCF(8462), 1.7×10
-7 
mol/cm
2
.s for LSCF(6482) and 9.2×10
-7 
mol/cm
2
.s for SCF(82). 
Xuan et al [61] carried out numerical modeling by integrating the chemical kinetics for 
autothermal reforming (ATR) of biogas. The performance and characteristics of biogas 
for hydrogen production was investigated for a two-dimensional model based on the 
integration of chemical kinetics with the computational fluid dynamics. The analysis was 
done for three physical models; one was the conventional ATR reformer and other two 
with hydrogen membrane reformer and oxygen membrane reformer. The results obtained 
from the numerical investigation were compared with the experimental data of 
autothermal reforming of methane and the results were in good agreement.  
An experimental investigation of oxygen permeation through perovskite membrane under 
vacuum and elevated pressures was carried out by Zhu et al [62].  The analysis was done 
by taking BSCFO material and the dimensions were OD 2.38 mm and ID of 1.4 mm and 
length of 400 mm. The feed mass flow rate was varied from 100-200 ml/min and the 
pressure at the feed side ranged from of 1atm to 7 atm and the permeate side is kept at 
vacuum pressure of 100 Pa. The experiments are done at elevated temperatures of 825-
925
o
C. The maximum permeation reported was 9.5 cm
3
/cm
2
-min at 925
o
C and 7 atm 
pressure at feed site for 200 ml/min mass flow rate of air at feed. 
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Tan et al [57] studied oxy-fuel combustion using a catalytic ceramic membrane reactor. 
In this experimental work, Tan et al used perovskite La06Sr0.4Co0.2Fe0.8O3-α (LSCF6428) 
hollow fiber oxygen-permeable membranes, prepared by phase inversion/sintering 
technique, for combustion in a hollow fiber membrane reactor (HFMR). It was assumed 
that the furnace gives a symmetrical temperature profile. A second HFMR was prepared 
using platinum coated LSCF6428 hollow fiber membranes. The methane was fed into 
inner side, through the catalyst bed while the air supply was introduced concurrently into 
the shell side (outer diameter) of the hollow fibers. The total time was ten minutes. All 
experiments were performed at 1 atm on both the shell and inner sides. In modeling of 
the membrane reactor assumptions in the model equations are made such as, radial 
concentration gradients and the temperature changes due to reaction can be neglected. 
The modeling equations are a group of ordinary differential equations and are solved 
numerically using MATLAB. The results showed that as the methane feed flow rate 
increases, more oxygen is converted and the oxygen conversion eventually approaches 
100%. Furthermore no products other than carbon dioxide were observed during the 
experiments. It was concluded that the granular LSCF6428 catalyst shows a high 
catalytic activity to methane combustion. At high methane feed flow rate, the 
experimental data were in better agreement with the simulated results using the faster 
reaction kinetics. The oxygen concentration in the product stream was found to increase 
as the temperature was increased indicating that the oxygen permeation rate is higher 
than the oxygen consumption rate due to the reactions. The conversion for both methane 
and oxygen was found to increase as the reaction rate increases. Both effect of increasing 
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the temperature or decreasing the methane feed flow rate tend to increase methane 
conversion. It was shown that the model can adequately predict the trend of the 
experimental results both for the methane conversion and the oxygen permeation rate It 
was found that methane combustion in the HFMR is dependent on the rate of oxygen 
permeation through the membranes. The results showed that the oxygen permeation rate 
is increased due to platinum coating and, as a result, the methane conversion is increased. 
The coating decreased the outer surface exchange resistance to oxygen permeation 
leading to the improvement of oxygen permeation rate and hence methane conversion. 
The performance of ITM reactors were studied in different configurations such gas 
single-tube, hollow-fibber membrane module, capillaries and monolithic multi-channels.  
Of all the configurations, the hollow-fiber module has highest surface area and is 
suggested for use in oxyfuel combustion applications [63].  Table 1 shows some of the 
researchers who carried out experiments on tubular membrane for oxygen permeation. 
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Table 1 Materials and operating conditions of previous experimental work done on 
tubular membrane for oxygen permeation 
 
2.4 Numerical work in the area of membranes 
Numerical simulations of membrane using finite-volume approach are very few. Mirella 
et al [76] carried out numerical and experimental investigation of mass transfer 
performance of Pd-Ag Membrane Modules for Hydrogen separation. In the analysis, 
impact of concentration polarisation and non-ideal flow on design of membrane 
separation units was evaluated by using Computational Fluid Dynamic. In the analysis, 
the source and sink terms are introduced on either side of the membrane boundary cell in 
order to account for the permeation of hydrogen in the numerical study developed by 
Coroneo et al [77]. The study covered different module configuration for H2 and N2 
Ba0.5Sr0.5Co0.8Fe0.2O3- Tube 1.5 700-900 0.09-1 0.0093-0.1147 7.068×10
-7--2.31×10-6 (mol/m2-s) [58]
Ba0.5Sr0.5Co0.8Fe0.2O3- Tube 0.22 850-950 0.21 0.01 1.406×10
-6--3.266×10-6 (mol/m2-s) [64]
CaTi0.8Fe0.2O3- Tube 1 800-1000 0.21 0.0789 7.976×10
-9--2.18510-8 (mol/m2-s) [65]
Bi1.5Y0.3Sm0.75O3 Tube 1.2 850-875 0.21 0.05-0.15 4.4×10
-7--6.36×10-7 (mol/m2-s) [66]
Bi1.5Y0.3Sm0.75O3 Tube 1.225 870-930 0.005-0.5 0.014-0.071 2.364×10
-8--7.750×10-8 (mol/m2-s) [67]
(ZrO2)0.85(CaO)0.15 Tube 1.67-2.75 1230 0.001-1 1×10
-6--1×10-4 2.82×10-10--8.42×10-10 (mol/m2-s) [68]
La0.6Sr0.4Co0.2Fe0.8O3-α Tube 0.44 700-950 0.21 0.001 1.57 ×10
-3 --5.49×10-3 (mol/m2-s) [62]
La0.6Sr0.4Co0.2Fe0.8O3-α Tube 1 850-900 0.219 0.21 4×10
-7--1.050×10-7 (mol/m2-s) [69]
Ba0.5Sr0.5Co0.8Fe0.2O3- Tube 0.2 700-1000 1 Not reported 1.10×10
-2--6.0×10-2 (mol/m2-s) [70]
[(ZrO2)0.9(CeO2)0.1]0.9(CaO)0.1 Tube 2 1127-1527 0.21 0.003-0.006 3.222×10
-11-1.938×10-9 (mol/m2-s) [47]
[(ZrO2)0.8(CeO2)0.2]0.9(CaO)0.1 Tube 2 1127-1527 0.21 0.003-0.006 1.361×10
-10--9.439×10-9 (mol/m2-s) [47]
[(ZrO2)0.7(CeO2)0.3]0.9(CaO)0.1 Tube 2 1127-1527 0.21 0.003-0.006 2.777×10
-10--1.562×10-8 (mol/m2-s) [47]
[(ZrO2)0.6(CeO2)0.4]0.9(CaO)0.1 Tube 2 1127-1527 0.21 0.003-0.006 6.308×10
-10--2.405×10-8 (mol/m2-s) [47]
SrCo0.5FeOx Tube 0.25-1.0 850 0.21 Not reported 0.3-3.35 (cm
3/cm2-min) [71]
La0.2Sr0.8Fe0.8Co0.1Cr0.2O3- Tube 1,1.1 1000 0.21 0.00003 0.6-6.0 cm
3/cm2-min) [72]
(LaCa)(CoFe)O3- Tube 0.4,0.8 800-950 0.21 0.005-0.009 0.1-10 (cm
3/cm2-min) [73]
Ba0.5Sr0.5Co0.8Fe0.2O3− Tube 0.83 825-925 01-Jul 0.001 2.5-8.5 (cm
3/cm2-min) [74]
La0.6Sr0.4Co0.2Fe0.8O3 Tube 0.6 800-900 0.21 0.142 -- 0.083 0.303-0.780 (ml/cm
2-min) [75]
Ref.Thickness (mm)Membrane Shape Temperature (C) P1(atm) P2(atm) JO2
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mixture and compared with the experimental results which were found to be in good 
agreement. The analysis extended to the use of baffles which permits the production of 
compartments inside the module, avoiding mixing and increase permeation driving force. 
The results show the separation performances of the module increases with the number of 
baffles. In all modules, studied the module with baffle resulted in maximum permeates of 
H2. 
Shigeo Goto [78] studied the effect of hydrogen permeation rate through composite 
palladium membrane for tubular configuration. A palladium film was coated on 
composite membrane tube. The analysis was done for increasing temperatures for two 
different modes. In the first mode, CP mode, H2 was passed through the tube and pressure 
was reduced in shell side. Therefore, H2 permeates first ceramic tube and then through 
the palladium film. In the second mode, PC mode, H2 was passed from shell side and 
pressure inside the membrane tube was reduced and H2 permeates first through palladium 
film then composite tube. The numerical models were based on the combined resistances 
of both palladium film and composite support. From the results it showed that with 
increase of temperature, permeation rate increases under CP mode. 
A CFD modelling of inorganic membrane modules for gas mixture separation was carried 
out by M Coroneo et al [77]. First, they derived the permeation coefficient, based on the 
transport mechanisms for the gas molecules across the membrane. The basics of 
molecular diffusion, Knudsen diffusion and viscous (Poiseulle) flow, and used in the 
source term formulation in the continuity and species transport equations. Of all the 
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mechanisms, the molecular diffusion was dominant on H2 permeation at high pressures. 
The mole fraction and permeation rate of hydrogen increases with increase of working 
pressure and a good agreement with the experimental results was found. 
Staudacher et al [79] conducted simulative analysis of mass transfer effects in gas and 
vapour permeation modules. The study relates the effect of concentration polarisation and 
flow distribution with spacers between two membrane surfaces. Calculations of 
permeation as a function of temperature, pressure and composition were done using 
finite-volume method. The use of baffles in the model which separates membrane into a 
number of compartments helped in velocity control of feed. The flow through the 
membrane was implemented as a sink in the basic transport equation for each finite cell. 
A user-defined function (UDF) was implemented for the transport from the membrane 
using a function for flux proportional to partial pressures. Similar to the work Staudacher 
et al [79], it was found from the results that the driving force obtained was due to 
concentration polarisation and the use of spacers which affects the performance of 
membrane.   
The above literature shows a great potential of ITMs in optimizing the power generation 
systems and giving a breakthrough towards clean energy production. Using these ITMs 
many probable power cycles [29-35] were proposed and some of them [29-32] were 
implemented without integration as combustor. Currently, research has been focusing 
towards the ways of integrating the ITMs with combustion chamber [33-36]. The study of 
 53 
 
fluid dynamics and membrane behaviour with the combustion has not been studied yet in 
designing the combustion chamber integrated with ITMs.  
Many researchers [37-61] have examined the performance of these membranes 
experimentally for oxygen separation. The experiments were done in both disk type and 
tubular membranes to study the permeation performance based on the geometrical and 
membrane characteristics. For Oxygen transport reactor, the feasible design at the initial 
stage is the concentric tubes with air in the outer side and sweep gas (inert) in the core 
side in order to sweep out the permeated oxygen. The effect of flow rates of sweep gas 
and air has been studied [58] and it shows increase of permeation with increase of sweep 
gas flow rates. It is tedious to do experiments each time to study the characteristics of 
such membrane. One of the alternatives is to use computational fluid dynamics to study 
the behaviour of these membranes. 
If the permeate side is reacting, then the permeation performance will change due to 
reduced oxygen partial pressure. So, it is important to know the performance of these 
membranes when there is a reacting zone in order to integrate with power plant. 
Modeling the phenomenon of species transport from one side to the other numerically 
was studied [76-78] for Hydrogen separation through Pd-Ag membranes without reacting 
zone at permeates side. Zhang [73] and Smith [74] modeled the behaviour of ITMs for 
one dimensional model assuming that change of oxygen mole fraction on the surface of 
membrane and in the bulk is negligible. This assumption is not fully valid for natural gas 
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combustion application since the mole fraction of oxygen will reduce from membrane 
surface to bulk as it will be consumed by the methane.  
From the above discussion, it is evident that all of the numerical studies done are one 
dimensional and mostly for separation only. If we have the combustion at permeate side 
then it is important to know the combustion and permeation characteristics. So in order to 
study the behaviour of species in the whole domain the problem must be solved assuming 
axisymmetric velocity and thermal fluids. 
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CHAPTER 3    
MODEL DEVELOPMENT 
This chapter consists of three sections. The first section gives detailed information about 
formulating the permeation of oxygen through the Ion Transport Membrane. The second 
section explains the combustion chemistry and reaction mechanism. The last section of 
this chapter defines the numerical scheme and boundary conditions. 
3.1 Membrane Permeation model 
Dense perovskite membranes of type Ba0.5Sr0.5Co0.8Fe0.2O3-δ is selected since the oxygen 
flux obtained is highest with it as reported in table 1 and it is good conductors of both 
types with electron carriers and oxygen ion and high permeation are reported through 
these membranes [58]. Mechanism of oxygen transport through these membranes is 
classified into two types: exchange reactions on the membrane surfaces and the ionic 
diffusion through bulk diffusion [80] and it is discussed earlier in chapter 2. These two 
mechanisms are interrelated by a characteristic thickness of membrane cL  which is 
related to the ratio of self-diffusivity of oxygen to surface exchange coefficient  s ioD k
[45]. If the thickness of the membrane is greater than the characteristic thickness, then 
bulk transport dominate, if the thickness of the membrane is less than characteristic 
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thickness then oxygen transport is equally limited by both surface exchange kinetics and 
the bulk diffusion. 
Sweep gas
Air (O2+N2)
2
2 ( ) 4 2O g e O
 
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2 ( )O s O O
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2
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e2O  Membrane
Counter-current
Co-current
High Partial pressure of O2 , P1
Low Partial pressure of O2 , P2
700-1000oC
 
Figure 18 Mechanism of Oxygen transport through dense Ion transport membrane by 
considering Surface exchange mechanism 
 
The mechanism of oxygen transport through the dense perovskite Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
membrane is shown in Fig. 18. At feed side oxygen molecules are absorbed on the 
membrane surface and converted in oxygen ions. These oxygen ions then migrate to 
permeate side through the bulk via the oxygen vacancies and then it gets recombine with 
the holes to form oxygen molecules. The oxygen permeation through these dense, mixed 
conduction membranes has been by the equation (35) for the case of steady-state, 
diffusion limited oxygen transport. 
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2
1 2 i io 1 2
O
1 2 0 0
2πr r wC k P P
J = -
S(r +r ) P P
 
  
                                      (35)
 
Where 1r  
and 2r are the outer and the inner radius of the membrane tube respectively, w is 
the effective length of the tube, S  is the effective area of the membrane tube, iC is the 
density of oxygen ions, iok is the surface exchange coefficient, 1P  
is the partial pressure 
of oxygen at the feed side, 2P  
is the partial pressure of oxygen at the permeate side and 
0P  is 1 atm oxygen pressure. From above equation is valid if only the surface exchange 
limited to oxygen transport and the oxygen permeation flux 
2O
J should be linearly 
proportional to the pressure term (P1/P0)
0.5
-(P2/P0)
0.5
. 
The permeation of oxygen flux has been investigated experimentally under different 
pressure at feed side and temperatures for different material configurations. Many 
relations has been derived for oxygen permeation for such conditions as ionic diffusion as 
well as the surface exchange reactions on the membrane surface through the bulk 
material as mentioned in chapter 2. 
3.1.1 Methodology:  
For the computational modeling of the performance of the OTR membrane, the 
commercial code FLUENT 12.1.2 is used. The study focused on the effect of oxygen 
partial pressure across the membrane and the membrane temperature on the oxygen 
permeation flux. A CFD model has been developed to predict the performance of ITM 
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membrane of the type Ba0.5Sr0.5Co0.8Fe0.2O3-δ for oxygen separation.  In general, 
separation of gas from a mixture through membrane can be modelled by considering two 
different phenomena, the fluid dynamic behaviour of the gas mixture in the membrane 
module and the transport of the species in the mixture across the membrane. 
3.1.2 Governing Equations: 
The numerical simulations are based on the CFD methodology developed by Coroneo et 
al. [76] which was developed in the realm of a finite-volume method. The velocity and 
the pressure fields of the gas mixture are obtained from the numerical solution of the 
mass, momentum and energy equations, while the species concentration distribution and 
the fluxes at the permeate and the feed side are obtained by the scalar convection-
diffusion equation including source/sink term to account for the mass flow of the species 
across the membrane. The following equations for conservation of mass, momentum, 
energy and species for Newtonian fluids are considered: 
i.(ρU)=S  
2.(ρUU)=- p+μ U    
p(ρC )U T (k T)    
i i,m i(ρUY ) (ρD Y ) Si     
Where U is the velocity vector, ρ is the fluid density, p is the pressure, μ is the dynamic 
viscosity, Si is the source or sink term. The Si source/sink term is account for the mass 
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flow of species across the membrane. At the membrane boundary cells the species (O2) 
are allowed to disappear from one of the membrane sides (air side) through a sink term 
and to come out on the other (sweep side) through a source term. To apply this 
methodology the preliminary knowledge of the permeability characteristic of the 
membrane is required to formulate the source term. In the present work, the Oxygen 
transport membranes have been considered, which are permeable to oxygen only; 
therefore the source term takes into consideration only oxygen permeation. 
2 2
2 2
O cell O
2
cell
i
O cell O
2
cell
J A MW
+      at low partial pressure of O
V
S =
J A MW
-      at high partial pressure of O
V
 



 


 
The term Si is equivalent to zero unless i=O2 and the computational cell is adjacent to the 
membrane. The diffusion coefficient was determined by specifying, the binary mass 
diffusion coefficient of the component i in the component j (other species). The 
corresponding diffusion coefficient in the mixture is computed as follows [81]:                             
i
i,m
i
j,j i i,j
1-X
D =
X
D
 
  
 

 
The binary mass diffusion coefficient, Di,j,  is calculated by Chapman-Enskog formula 
using the kinetic theory [82].  Special source terms are applied in the continuity and 
species transport equations in the computational cells adjacent to the membrane.  It is 
worth observing that the driving force in the source term is evaluated adopting local 
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values. Fluid density is calculated using ideal gas law. Density, viscosity, specific heat 
and thermal conductivity in the mixture according to the ideal gas mixing laws as follows 
[82] and same method of calculating these properties was also used by Nick and 
Alexander [83, 84] for modeling ITM model. 
mix op i i
i
ρ  = (Ρ +P)/ T (m /M )   
p, mix i p, i
i
C  = m C  
mix i i j i,j
i i
λ = X λ / X 
  
  
  
   
mix i i i i,j
i j
μ = X λ / X
  
  
   
   
2
1 2 1 4
i j j i
i,j 1 2
i j
1+(μ μ ) ( M M )
=
8(1+( M M )

  
  
 
 
3.1.3 User Defined Function (UDF): 
The equation developed by Kim et al [44] shown by equation (35) used by Haihui et al 
[58] to investigate the equation validity and found promising good. The O2 permeation 
equations (35) involve the global partial pressures of O2 of feed and permeate side. So, in 
order to convert global partial pressure terms to local partial pressure fitting of 
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experimental data is done and develop an equation which accounts for local O2 partial 
pressures.  
     
0.623
1 2
O2 1 2
0 0
P P
J  =K K (T) -
P P
 
  
        (36)
 
1 2
1
1 2
2πr r w
K =
S(r +r )
 
Where K1 is a geometric constant and K2 is a constant which depends on temperature. 
Permeation of oxygen across the membrane is modelled using a series of user-defined 
functions that are written in VC++ and compiled and hooked in FLUENT 12.1.2 
software. The issue of hydraulic jump across the membrane was resolved by patching the 
cells from the upper and lower zones with two different values of initial partial pressures 
of species. The source and sink terms in the UDF will be calculated by using the relation 
given below [58]. 
cell 1 2 i io 1 2
i
cell 1 2 0 0
A 2πr r wC k P P
S = -
V S(r +r ) P P
 
  
 
 
0.5 0.5
cell 1 2 i io 1 2
i
cell 1 2 0 0
A 2πr r wC k X P X P
S = -
V S(r +r ) P P
    
    
       
0.623
0.5 0.5
cell 1 2
i 1 2
cell 0 0
A X P X P
S = K K -
V P P
    
    
       
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The three different Macros used in UDF are „Define Initialize‟, „Define Source‟ and 
„Define Adjust‟ as defined in FLUENT software. These macros link the cell index across 
the membrane which allows the addition and subtraction of the source term in continuity 
and species transport equation. Additionally, the UDF updates the solver data with the 
new parameter at the membrane wall for every iteration. The partial pressure given in the 
oxygen flux equation is calculated as concentration Yi (% wt.) and the following 
flowchart (Figure 19) is applied for solving the O2 permeation flux. The mass fraction, 
Yi, will be converted into mole fraction and then applied in calculating the source term. 
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Set Initial P, Yi , MW
Previous Yi /Approximate Yi
Calculate     and P correction
Input Acell and Vcell
Determine Xi
Yi next  -Yi previous<0.3

Final Yi
Calculate Si
Stability check
Determine u,v,T
End
Start
No
Yes
No
Yes
 
Figure 19 Solution strategy for oxygen transport though the membrane. 
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3.2 Combustion Mechanism 
The kinetic mechanisms used to model hydrocarbon combustion are generally composed 
of a large number of elementary reactions to describe a single comprehensive overall 
reaction in which the initial fuel and oxidizer combine to form the final products. The 
rates in which reactions proceed are primarily dictated by collisions of two molecules that 
may have the capability to react. Therefore, the most common elementary reactions used 
in mechanism construction are bimolecular in which two species collide and react to form 
two new species. To illustrate, consider an arbitrary bimolecular second order reaction 
A+B C+D  
The rate at which such reaction proceeds is proportional to the concentration of the 
reactant species, 
d[A]
=-k[A][B]
dt
 
where the notation [A],[B] denotes the molar concentration of species A and B. The rate 
constant k is a function of temperature T and is the parameter used to describe each 
elementary reaction composing the entire kinetic mechanism [85,86,87]. A reaction will 
only take place, however, if the colliding molecules possess an adequate amount of 
energy called the activation energy Ea. the kinetic theory shows that the fraction of all 
collisions that possess energy greater than Ea
 
is given by the Boltzmann factor  
 aexp -E /RT  
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Determination of reaction rates also requires that the frequency of molecular collisions be 
taken into account in the form of a pre-exponential factor A. The rate constant k is then 
typically expressed in a modified Arrhenius form as 
β a-Ek=AT exp
RT
 
 
 
 
Where A, β  
 
are parameters determined experimentally and R is the universal gas 
constant. The exponent β  becomes particularly important in systems where temperatures 
vary widely. 
The most common combustion processes encountered in engineering field are those 
which convert a hydrocarbon fuel into carbon dioxide and water. These combustion 
reactions are usually exothermic in nature. 
3.2.1 Reaction Mechanism for methane combustion: 
The Single step kinetic reaction mechanism for combustion of methane also follows the 
same mechanism as shown below.  
k
4 2 2 2CH +2O 2H O+CO  
β a-Ek=AT exp
RT
 
 
 
 
 
   CH O4 2
n n4
4 2
d CH
 = -k CH O
dt
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 
   CH O4 2
n n2
4 2
d O
 = -2k CH O
dt
 
 
   CH O4 2
n n2
4 2
d CO
 = k CH O
dt
 
 
   CH O4 2
n n2
4 2
d H O
 = 2k CH O
dt
 
4CH
n =0.2 , 
2O
n =1.3 ,  
2CO
n =0 , 
2H O
n =0  
11A=2.119×10 , 8
aE = 2.027×10  J/kg-mol , β=0  
Now using both membrane permeation model and combustion together will be a 
challenging part in order to model ITM reactor.  
The oxygen transport reactor considered for study is of cylindrical shape in which a 
mixture of CH4 and CO2 are injected from one side and the oxygen permeates through the 
ITM walls of the reactor.  The study focuses on the effect of the sweep gas mixture (CO2 
and CH4) on the oxygen permeation process through the ITM membrane for the two 
cases of co-current and counter-current flow regimes and validation of the computational 
model against the available experimental data. The ITM membrane has a tubular shape 
similar to that used in the experimental work by Wang et al. [58] and a schematic of the 
membrane is shown in Figure 20. The membrane comprised of a highly dense perovskite 
BSCFO with an effective surface area 12.56 cm
2
 while the area used for model validation 
is of 2.531 cm
2
.  The experimental conditions were maintained at steady state with 
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laminar flow on both sides.  The outcome of this study represents the first step in 
designing ion transport reactors since it provides information about the size and geometry 
of the combustion region (based on the oxygen content of the mixture) for different mass 
fraction of CH4 and CO2 of the sweep gas. 
After studying the cold combustion (mixing) the reaction mechanism is activated to study 
the temperature and combustion characteristics of the ITM reactor. The axisymmetric 
model of ITM reactor is shown in figure 21. 
Feed side
Permeate side
1
4
.5
 m
m
2.28 mm
1.7 mm
17.68 mm  
Figure 20 Axi-symmetric geometrical view for Wang et al [58] 
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1
0
.0
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100 mm  
Figure 21 Domain for oxyfuel Ion transport membrane reactor 
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3.3 Numerical Scheme and Boundary conditions 
In these simulations, the properties of the gas mixture at inlet of both inner and outer 
regions were first assumed the same as those considered in the experimental work of 
Wang et al. [58].  The discretization of the governing equations is done using a 
segregated solver in which each governing equation is solved separately. The Semi-
Implicit Method for Pressure-Linked Equations (SIMPLE) formulation was used as a part 
of pressure-velocity coupling algorithm [88]. The convergence criteria for the continuity 
and momentum parameters were set to 10
-6
 and species and energy equation were set to 
10
-9
 to allow sufficient iterations for complete convergence at all grid points. The gas 
density is calculated using the ideal gas law and the gas viscosity, specific heat and 
thermal conductivity are calculated as a mass fraction-weighted average of all species. 
The specific heat of each species is calculated using a piecewise polynomial fit of 
temperature [81] and tabulated in table 2.To obtain a stable solution, under-relaxation 
factors of 0.3 and 0.7 were used for pressures and velocities at all nodal points in the 
solution domain. The pressure staggered scheme (PRESTO) was used for pressure and 
the second-order upwind discretization scheme was used for momentum, species and 
energy equation [88]. To enhance the convergence of the numerical solution, the 
Aggressive Advanced Multigrid (AMG) scheme was used.  The AMG cycle type for the 
coupled equations involving pressure, momentum, energy and species were set to fixed 
„F-cycle‟ as a recursive process [81]. To avoid irregular convergence patterns 
„Biconjugate Gradient Stabilized Method‟ (BCGSTAB) was employed. Properties of 
species used in single step combustion reaction are tabulated in table 3.  
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Table 2 Coefficients of polynomial functions* belonging to temperature-dependent 
thermal properties of species, taken from the material property database given by Fluent 
Inc. [81] 
 
*Polynomial functions are defined as ψ(T) = a0+a1T
1
+a2T
2
+a3T
3
+a4T
4
; 
a
valid for 
temperature interval 300-1000 K; 
b
valid for temperature interval 1000-5000 K. 
a0 a1 a2 a3 a4
CH4 Cp 4.03585 · 10
2a 9.05734 −1.44200 · 10
−2
1.58052 · 10
−5
−6.34305 · 10
−9
8.72467 ·10
2b 5.30547 −2.00829 · 10
−3
3.51665 · 10
−7
−2.33391 · 10
−11
λ 3·32000 · 10
−2
0 0 0 0
μ 1.08700 · 10
−5
0 0 0 0
CO2 Cp 4·29929 · 10
2 1.87447 −1.96649 · 10
−3
1.29725 · 10
−6
−3.99996 · 10
−10
8.41377 · 10
2
5.93239 · 10
−1
−2.41517 · 10
−4
4.52273 · 10
−8
−3.15313 · 10
−12
λ 1.45000 · 10
−2 0 0 0 0
μ 1.37000 · 10
−5
0 0 0 0
H2O Cp 1·56308 · 10
3 1.60376 −2.93278 · 10
−3
3.21610 · 10
−6
−1.15683 · 10
−9
1·23323 · 10
3 1.41052 −4.02914 · 10
−4
5.54277 · 10
−8
−2.94982 · 10
−12
λ −7·96800 · 10
−3
6.88133 · 10
−5
4.49046 · 10
−8
−9.09994 · 10
−12
6.17331 · 10
−16
μ −4·41894 · 10−6 4.68764 · 10−8 −5.38943 · 10−12 3.20286 · 10−16 4·91918 · 10−22
O2 Cp 8.34827 · 10
2
2.92958 · 10
−1
−1.49564 · 10
−4
3.41389 · 10
−7
−2.27836 · 10
−10
9.60752 · 10
2
1.59413 · 10
−1
−3.27089 · 10
−5
4.61277 · 10
−9
−2.95283 · 10
−13
λ 3.92175 · 10
−3
8.08121 · 10
−5
−1.35409 · 10
−8
2.22044 · 10
−12
−1.41614 · 10
−16
μ 7.87943 · 10−6 4.92495 · 10−8 −9.85155 · 10−12 1.52741 · 10−15 −9.42567 · 10−20
N2 Cp 9.79043 · 10
2
4.17964 · 10
−1
−1.17628 · 10
−3
1.67439 · 10
−6
−7·25630 · 10
−10
8.68623 · 10
2
4.41630 · 10
−1
−1.68723 · 10
−4
2.99679 · 10
−8
−2·00439 · 10
−12
λ 4.73711 · 10
−3
7.27194 · 10
−5
−1.12202 · 10
−8
1.45490 · 10
−12
−7.87173 · 10
−17
μ 7.47331 · 10
−6
4.08369 · 10
−8
−8.24463 · 10
−12
1.30563 · 10
−15
−8.17794 · 10
−20
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Table 3 Properties of reactant and product species. 
a
 taken from the material property database given by Fluent Inc. [81] 
Species M
a 
[Kg/mol]      H
a 
[J/Kmol} LHV
a
[J/Kmol]
CH4 16.04303 -7.48952×10
7
-8.023×10
8
CO2 44.00995 -3.93532×10
8 -
H2O 18.01534 -2.41838×10
8 -
O2 31.9988      - -
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CHAPTER 4  
NUMERICAL STUDY 
The control volume approach is used to discretize the governing equations using   
FLUENT
TM
 12.1.2 code [81]. All variables are computed at each grid point except the 
velocities, which are determined midway between the grid points.  A staggered grid 
arrangement is used in the present study, which links the pressure through the continuity 
equation and is known as SIMPLE algorithm [88].  
The permeation of oxygen through the membranes and combustion is solved as a two 
dimensional axisymmetric problem using the double-precision solver. In addition to the 
scaled residuals, the temperature, mass fraction of CO2 and H2O (in case of combustion) 
at the outlet of the fuel zone is monitored using surface monitors to ensure convergence.  
Second order upwind schemes are used for discretization of momentum and energy 
equations.  
4.1 Grid Independence 
A numerical mesh generator GAMBIT is used to create the geometry and mesh the 
domain using hexahedral elements. A fine mesh is created to capture the large gradients 
normal to the flow direction. Three different grids for ITM reactor model of figure 21 
with 10000, 12500 and 15000 are created to examine the grid independence. Figure 22 
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compares the mass fraction of O2 along the axis obtained using the three grids by 
considering CH4 at the fuel inlet without combustion and shows a good agreement 
between the mass fraction values. Figure 23 shows the mass fraction of oxygen through 
the membrane for the above mentioned grids with combustion and it can be seen that for 
all the three grids the O2 mass fractions are in good agreement. Figure 24 shows the 
temperature variation for the same three different grids and found in very good 
agreement. From the above analysis, it can be concluded that the solution is grid 
independent for the selected grids. 
 
Figure 22 Mass Fraction of O2 with three different grids without combustion 
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Figure 23 Mass Fraction of O2 for three different grids with combustion 
 
 
Figure 24 Temperature variation along the axis for three different grids 
 
0 0.02 0.04 0.06 0.08 0.1
0
0.04
0.08
0.12
Distance along the length (m)
M
a
s
s
 F
ra
c
ti
o
n
 o
f 
O
2
Grid cells 10000
Grid cells 12500
Grid cells 15000
0 0.02 0.04 0.06 0.08 0.1
1060
1100
1140
1180
1220
1260
Distance along the length (m)
T
e
m
p
e
ra
tu
re
 (
K
)
Grid cells 10000
Grid cells 12500
Grid cells 15000
 74 
 
4.2 Validation 
In order to verify the accuracy of the computational model, the performance of the ion 
transport reactor with the dimensions given in Figure 20 was predicted and compared 
with the experimental data of Wang et al. [58].  In this problem, the oxygen permeation 
flux through the membrane (BSCFO type) is investigated for different partial pressures 
and temperature. The air in the feed side is considered as a mixture of only O2 and N2 and 
the O2 partial pressure is changed by changing the mole fraction. The air flow rate is 300 
ml/min and Helium was used as sweeping gas in the inner region with a flow rate of 60 
ml/min.  The simulations are carried out for three temperatures and for oxygen partial 
pressures ranging from 0.09 atm to 1.0 atm. In all simulations, the pressure within the 
reactor is assumed atmospheric.  Figure 25 shows the variation of O2 permation flux and 
O2 partial pressure at the reactor outlet for different values of O2 partial pressure at inlet 
of the outer region considering operation at three different temperatures.  The figure 
shows a significant increase in the O2 permation flux with the increase of oxygen partial 
pressure in the feed side.  The figure also shows a considerable increase  in the oxygen 
flux at higher temperatures.  A simple comparison between the model prediction and the 
measured values of O2 permation flux shows a good accuracy especially at high oxygen 
partial pressue in the feed side.  The largest deviation was about 15% occurring at 900
o
C 
and 0.19 atm.  This deviation may be attributed to experimental uncertaninties at high 
temperatures. The outlet partial pressure of O2 at permeate side is also predicted and 
compared with the experimental results and shown above in Figure 26. The comparison 
with experimental measurements shows a good agreement over all the partial pressure 
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range (P1) with maximum deviation of the same order ( 15%) occurring at the high 
temperature of 900
o
C and P1=0.19 atm.    
 
Figure 25 Variation of O2 permeation flux with oxygen partial pressure at inlet of shell 
side, ( ), experimental data; ( ), present numerical results 
Figure 27 shows the variation of the O2 permeation flux over the reactor length at 
different operating temperatures and different inlet partial pressures (P1).  It is clear from 
the figure that the O2 permeation rate is high in the vicinity of the reactor entrance and 
decreases downstream.  This is attributed to the reduction in O2 partial pressure 
difference across the membrane towards the exit section.  As the temperature of 
membrane increases, the activation energy of the surface exchange increases resulting in 
higher permeation rates.   
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Figure 26 Variation of O2 permeation flux and O2 outlet partial pressure with O2 partial 
pressure in the outer region. ( ), experimental data; ( ), present numerical 
results 
Similarly, the permeation rate increases with the O2 partial pressure on the feed side.  
Figure 28 shows the variation in O2 concentration at the permeate side under different 
conditions of partial pressure values (P1).   The figure indicates that the permeation rate 
increases as P1 increases.  The figure also shows a maximum concentration of 0.21 in the 
case of P1= 0.09 atm, this increases to around 0.94 as the pressure P1 reaches 1.0 atm.  
The O2 mass fraction shown in figure 28 is related with mole fraction which is nothing 
but partial pressure since the reactor is working under atmospheric conditions. From this, 
it can be clearly seen that with increase of partial pressure at feed side then partial 
pressure difference across the membrane is increased leading higher O2 permeation flux. 
Thus, it is advantageous to work at high O2 partial pressure at feed side but the objective 
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of this work is to separate O2 from air. In that the O2 concentration is fixed to 21% by 
volume. Hence for the separation of O2 with these membranes having sweep gas mixture 
(CH4 and CO2) partial pressure of O2 is fixed to 0.21 atm.  The effect of difference of 
partial pressure across the membrane can be seen in figure 29. It is evident that higher the 
difference of partial pressure more the O2 permeated and it is experimentally validated as 
shown. So in order to increases the difference in partial pressure one method is to create 
vacuum at permeate side and other method is to reduces the incoming O2 by reforming or 
combustion. 
The above comparisons give enough confidence in the computational model for 
investigating the effect of using the fuel mixture (CH4 and CO2) as sweeping gas on the 
performance of the ITM reactor.   
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Figure 27 Variation of the O2 permeation flux over the reactor length for a) different 
operating temperatures, and b) different inlet partial pressures (P1) 
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Figure 28 Variation of O2 mass fraction within the reactor for different values of P1 at the operating 
temperature of 800
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Figure 29 Oxygen permeation flux against (P1/P0)
0.5
-(P2/P0)
0.5
 at different temperatures 
 ( ) shows the experimental data and ( ) shows the numerical results. 
In order to validate combustion model, the Norton and Vlachos micro burner geometry 
[89] is selected as shown in figure 30. The micro-burner consists of two parallel, 
infinitely wide plates of length of 1 cm. The distance between the two plates is 0.6 mm 
and the thickness of the wall is taken as 0.2 mm. The case is modeled as 2-D symmetric 
about the centre line as the gravity effects are neglected. The wall top is given a boundary 
condition of no convective heat transfer. The sides of the wall are insulated with no heat 
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at the outlet a known pressure is specified. At the interface between the wall and the 
fluid, no-slip boundary condition and no-species flux normal to the wall surface are 
employed. The parameters used are V0 = 0.5 m/s, thermal conductivity of wall = 7.5 
W/m/K, h = 0 W/m
2
/K. Premixed, stoichiometric methane/air mixtures are fed to a 
micro-burner. A finite-difference method is used to discretize the 2-D continuity, 
momentum, energy and species conservation equations in the fluid and the 2-D energy 
equation in the wall. Steady-steady simulations are performed. Figure 31 shows the 
centre line temperature profile for premixed air/methane combustion for micro-burner. It 
is evident that the temperature profile obtained by Norton and Vlachos [89] is in good 
agreement with the present calculation. With this combustion results validation we get 
enough confidence to perform the combustion in ITM reactor with O2 separation. 
 
Figure 30 Schematic of computational domain along with a description of some of the 
boundary conditions used in the model by Norton and Vlachos [89] 
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Norton and Vlachos [89]
 
Figure 31 Centre line temperature profile for premixed combustion of air/methane 
mixture 
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CHAPTER 5  
RESULTS AND DISCUSSION 
This chapter consists of two sections. In the first section, the oxygen transport reactor is 
simulated on cold basis and the effect of O2 permeation flux on sweep gas mixture 
variation is studied and in the second section, the combustion characteristics of methane 
within the reactor is presented and the effect of reducing environment on O2 permeation 
flux is discussed. The results presented in each section pertain to the objectives discussed 
in the first chapter. 
5.1 Cold Combustion (Mixing) 
 
In this work, the performance of an ion transport reactor utilizing ITM-BSCFO 
membrane [Ba0.5Sr0.5Co0.8Fe0.2O3-δ] with the dimensions given in Figure 21 was 
investigated. The reactor operates with air at the feed side and a mixture of CH4 and CO2 
(as sweep gas) at the permeate side.   The study focuses on the effect of pressures and 
temperatures at the feed side on the composition of the gas mixture at the permeate side 
when operating at 1 atm.  Air is assume  to contain only N2 (77% by mass) and O2 (23%) 
in all cases.  
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Figures 32 and 33 present the contours of ratio of mass fraction of oxygen to methane 
ratio within the domain of the reactor for the co-current and counter-current regimes, 
respectively. This ratio is important to characterize the region in which combustion can 
take place. In both regimes, the ratio of oxygen to methane increases for decreasing 
percentage of CH4 at inlet of the sweep side.  As a result, the combustible region 
increases with the decrease of the CO2 to CH4 ratio.  The influence of the sweep ratio 
(percentage of CO2/CH4 by mass) on the oxygen methane mixture composition for the 
co-current regime is shown in Figure 32. In order to control the oxygen to methane ratio 
within the reactor and to determine the regions of combustible mixture, the sweep ratio 
varies from 0% to 98%.  The inlet region shows a rich mixture having a fuel to oxygen 
ratio outside the flammability region. This is attributed to the low oxygen flux at inlet of 
the reactor. The size of this region diminishes as the sweep ratio increases.  The mixture 
starts to fall within the flammability limits at approximately x/L = 0.05. The 
stoichiometric mixture (ratio of O2/CH4 by mass equal to 4.0) appears only for CO2/CH4 
ratio of 0.98/0.02. For this ratio, a large region around the stoichiometric value that lies 
within the flammability limits (regions having the ratio of O2/CH4 between 1.4 and 8.4) 
appeared. 
The influence of the sweep ratio on the oxygen methane mixture composition for the 
counter-current regime is presented in Figure 33 where the percentage of CO2 changes 
from 0% to 98%.  Regions having O2/CH4 mixture within the flammability limits are 
shown at high sweep ratios in Figure 33.  The figure indicates that changing the sweep 
ratio influences the boundaries of the flammability limits significantly. For example, for 
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zero sweep ratio the region of flammability limits is formed only in the entrance region
 0< X/L<0.05 .  As the sweep ratio increases, the size of this region increases and the 
region out of flammability limits diminishes.  As well, at low sweep ratios, the mixture is 
shown to be lean and does not reach stoichiometric composition.  As the sweep ratio 
reaches 0.94/.06, the mixture is found to include a combustible region around the 
stoichiometric ratio.  As the sweep ratio reaches 0.98/.02, the mixture becomes mostly 
lean mixture.  A comparison between Figures 32 and 33 shows that the counter flow 
regime exhibits better mixing of fuel and oxygen. In addition, the counter flow regime 
results in more homogeneous difference in O2 partial pressures across the membrane and, 
therefore, provides more uniform oxygen flux along the reactor wall.  Figures 34 and 35 
present the distribution of mass fractions of O2, CH4 and CO2 along the reactor axis for 
different sweep ratios for the co-current and counter-current flow regimes, respectively.  
The figures indicate that the mixture is rich at low sweep ratios and reaches 
stoichiometric at higher values. 
The variation of O2/CH4 ratio in the mixture along the reactor length is presented in 
Figures 36 for the two cases of co-current and counter-current flow regimes.  The results 
indicate that the sweep ratio has a significant effect on the magnitude and distribution of 
the O2/CH4 mixture along the reactor.  In the counter flow regime, the maximum ratio of 
O2/CH4 attained along the reactor is higher than that in the co-current case for all sweep 
ratios.  On the other hand, a uniform distribution of the O2/CH4 ratio occurs over a larger 
distance along the reactor in the co-current regime for almost all values of the sweep 
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ratio. Figure 37 presents the regions within the reactor that falls within the recommended 
flammability limits (O2/CH4 ratio between 4.1 and 4.8) for three sweep ratios (15.67, 
24.0, 49.0) considering the two cases of co-current and counter-current regimes. These 
recommended flammability limits correspond to stoichiometric oxygen to methane ratio 
up to 10 to 30% excess oxygen. The three considered sweep ratios are the ones that 
guarantee mixtures within the flammability limits.  However, as shown in the figure only 
the mixture having sweep ratio of around 24 for the co-current flow and around 15.67 for 
the counter-current flow lie within the recommended mixture composition.  Other sweep 
ratios show either rich or lean mixtures.  The figure also confirms that the counter-current 
flow requires less sweep ratio for achieving the recommended O2/CH4 ratio because of 
the higher O2 permeation flux.  It should be noted here that achieving a nearly uniform 
mixture composition along the membrane leads to nearly homogeneous reaction rates that 
are likely to result in achieving constant temperature along the membrane.  This is 
essential for avoiding any thermal stresses along the membrane surface and achieving 
membrane stability.   
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Figure 32 Oxygen to methane mass fraction ratio for different inlet conditions of sweep 
ratio (CO2/ CH4) for co-current configuration 
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Figure 33 Oxygen to methane mass fraction ratio for different inlet conditions of sweep 
ratio (CO2/ CH4) for counter-current regime 
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Figure 34 Mass fraction of species for different sweep ratios (CO2/ CH4) at inlet for co-
current regime 
Distance (m)
M
a
s
s
F
ra
c
ti
o
n
0 0.025 0.05 0.075 0.1
0
0.2
0.4
0.6
0.8
1
O
2
CH
4
CO
2
/CH
4
: 0
Distance (m)
M
a
s
s
F
ra
c
ti
o
n
0 0.025 0.05 0.075 0.1
0
0.1
0.2
0.3
0.4
0.5
O
2
CH
4
CO
2
CO
2
/CH
4
: 1.0
Distance (m)
M
a
s
s
F
ra
c
ti
o
n
0 0.025 0.05 0.075 0.1
0
0.2
0.4
0.6
0.8
1
O
2
CH
4
CO
2
CO
2
/CH
4
: 9.0
Distance (m)
M
a
s
s
F
ra
c
ti
o
n
0 0.025 0.05 0.075 0.1
0
0.2
0.4
0.6
0.8
O
2
CH
4
CO
2
CO
2
/CH
4
: 2.33
Distance (m)
M
a
s
s
F
ra
c
ti
o
n
0 0.025 0.05 0.075 0.1
0
0.2
0.4
0.6
0.8
1
O
2
CH
4
CO
2
CO
2
/CH
4
: 11.5
Distance (m)
M
a
s
s
F
ra
c
ti
o
n
0 0.025 0.05 0.075 0.1
0
0.2
0.4
0.6
0.8
1
O
2
CH
4
CO
2
CO
2
/CH
4
: 15.67
Distance (m)
M
a
s
s
F
ra
c
ti
o
n
0 0.025 0.05 0.075 0.1
0
0.2
0.4
0.6
0.8
1
O
2
CH
4
CO
2
CO
2
/CH
4
: 24.0
Distance (m)
M
a
s
s
F
ra
c
ti
o
n
0 0.025 0.05 0.075 0.1
0
0.2
0.4
0.6
0.8
1
O
2
CH
4
CO
2
CO
2
/CH
4
: 49.0
 90 
 
 
Figure 35 Mass fraction of species for different sweep ratios (CO2/ CH4) at inlet for 
counter-current regime 
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Figure 36 Ratio of O2/CH4 for different sweep ratios (CO2/CH4) 
 ( ) co-current regime and ( ) counter-current regime 
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Figure 37 Variation of O2/CH4 along the reactor axis for different sweep ratios 
(CO2/CH4); 
 ( )  co-current regime and ( ) counter-current regime 
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Figure 38 Variation of the oxygen permeation flux along the membrane surface for 
different sweep ratios (CO2/CH4), ( ) co-current regime and ( ) 
counter-current regime 
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The variation of the oxygen permeation flux along the membrane surface for the co-
current and counter-current regimes are plotted in Figure 38 for different compositions of 
the sweep gas. The figure indicates that the O2 permeation rate decreases along the length 
and reaches 5.97×10
-06
 (mol/m
2
/s) at exit for 100% CH4 at the inlet for counter-current 
flow as compared to 3.26×10
-07
 (mol/m
2
/s) at exit for co-current. In general, the oxygen 
flux through the membrane surface in the counter-current regime has higher values as 
compared with the co-current case.  In both regimes, the total O2 permeation rate 
decreases with the increase of CO2 in the sweep gas mixture and the same phenomenon 
was reported by [90] and [41]. In another study by [91], the decrease of O2 permeation 
due to the increase of CO2 in the sweep gas was attributed to the formation of carbonates 
on the membrane surface which reduces oxygen permeation at high temperature.  Figure 
39 shows a comparison between the total O2 permeation rate in the co-current and 
counter-current regimes.   The obtained results indicate that the total O2 permeation rate 
is always higher in the counter-current regime for all sweep gas compositions.  As the 
percentage of CH4 in the sweep gas changes from 100% to 10%, the counter-current 
regime results in permeation rates that are 6.62% to 12.75% higher than those of the co-
current regime. Manccini and Mitsos [83,84] have developed a block box model for 
modelling an ITM reactor and got similar results which show that the counter-current 
regime is more viable than the co-current. 
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Figure 39 Variation of total oxygen permeation rate with percentage of CH4 in the sweep 
mixture 
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5.2 Combustion in ITM Reactor 
Ion Transport Membranes made in monolith honeycomb reactor can play an important 
role in combustion chamber for gas turbines used in power generation where methane is 
the main reactant [92]. This honeycomb reactor contains hundereds of parallel tubes of 
ITMs that are of the order of 2-4 mm in diameter. The oxygen  that comes from the ITM 
reacts  with methane and combustion take place. In this section, the investigation has 
been extended to include from mixing of CH4 and CO2 with O2 to create combustion with 
single-step chemistry. At present the model can be assumed as a single ITM tube of 
monolith honeycomb reactor as shown in Figure 40, the wall of the reactor is assumed to 
be adiabatic [58,92] to ensure similarity with the experimental model for permeation 
done by Wang et al[58]. Bouyancy and the heat flux by radiation are neglected because 
of the small diameter of ITM reactor that leads to high convective heat transfer 
coefficients, implying that the differnce of membrane temperature and free stream is 
small. The flow considered is laminar and steady in nature. It is also assumed that 
combustion doesn‟t affect oxygen permeation flux equation. By considering the same 
boundary conditions for the case of mixing, single-step chemistry for methane 
combustion is activated to see the viability of ITM reactor.  
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Figure 40. The cross section of the monolith reactor [92] 
Table 4 List of model parameter values 
4 2
2 2
-7
inlet,permeate
•
-6
inlet,feed
inlet,permeate
inlet,feed
CH CO permeate
O N air
membrane
Parameter Value
 m 1.625×10  Kg/s
m 5.85×10  Kg/s
 T  1073 K
      T      1073 K
(Y ;Y )   0.33 ; 0.67
  0.23 ; 0.77  (Y ;Y )
         ρ

3
membrane
  3000 Kg/m
    λ    20 W/m/K [96]
 
A reactive ITM combines the separation of oxygen from air and oxidation of methane in 
order to reduce the overall size of the reactor and number of equipments in cycle. The 
chemical reaction at the permeate side produces high partial pressure difference along the 
membrane which in turn increases the oxygen permeation flux significantly. If the fuel 
combustion kinetics are significantly faster than the rate at which oxygen is getting 
permeated through the ITM membrane, the partial pressure of oxygen at permeate side 
will be very low that significantly enhances oxygen flux. To study the ITM 
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characteristics and combustion characteristics the numerical simulations are carried out 
with the conditions shown in table 4. Thermal conductivity of perovskite membranes 
such as LSCF, BaCeO3, BaZrO3 ranges from 5-12 W/m/K for temperature operation in 
the range 500-1000 
o
C [93,94, 95]. The thermal conductivity is still unknown for BSCF 
and the analysis done by Kaisare and Vlachos [96] suggested that for ceramic membrane 
the thermal conductivity is very low and varies from 3 to 100 W/m/K. In the present 
simulation the thermal conductivity of BSCF is assumed 20 W/m/K.  
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Figure 41 Temperature, reaction rate and composition profiles 
Figure 41 (a) shows the temperature and  kinetic rate of reaction for the simulations 
conditions shown in table 5. The axial temperature within the reactor increases along with 
the rate of reaction  and reaches a maximum of 1249.5 K then rate of reaction drops as 
the methane is getting consumed. Figure 41 (b) shows the composition profiles which 
indicates clearly where the fuel is consumed, and the mass fraction of O2 increases 
downstream signifacantly. The mass fracton of O2 first increases very fast then deceases 
till the methane is consumed, this is due to fast comsumption of fuel. For the given fuel 
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mass fraction and mass flow rate in table 4, the amount of O2 permeated through the 
membrane is 8.68×10
-06
 mol/s for the surface area of 12.56 cm
2 
which constitutes of 
O2/CH4 of 5.178.  
 
Figure 42 Oxygen permeation Flux for the reactive and separation only case. 
Figure 42 shows the O2 permeation flux (JO2) for the same case considering reactive and 
separation-only modes. From the figure, it is clear that for the reactive case, the O2 
permeation flux decreases till the reaction starts then increases till the rate of reaction is 
maximum and then deceases gradually till fuel is totally consumed. It is evident from the 
figure that with the reaction mode at the permeate side, the O2 permeation flux is  very 
high compared to separation-only mode due to the high partial pressure difference of O2 
created across the membrane by chemical reaction. It gives conclusive remark that with 
chemical reaction for a particular membrane surface, the amount of O2 permeated is 
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higher compare to separation-only mode; thereby the length of the ITM reactor can be 
greatly reduced.  
In order to study temperature and reaction kinetics for different sweep mixture 
compositions a parametric study is carried for the conditions shown in table 5. 
Table 5 List of operating conditions for the reactive mode. Feed gas is air and sweep gas 
is CH4/CO2 mixture. 
2 4 2
-7 -6
permeate,inlet feed, inlet1,O CH COCase P (atm) Y ; Y m 10  (Kg/s) m 10  (Kg/s)
1 0.1 ; 0.9
2 0.3 ; 0.7
3 0.21 0.5 ; 0.5 1.625 5.85
4 0.7 ; 0.3
5 1.0 ; 0
6 0.1 ; 0.9
7 0.3 ; 0.7
8 0.21 0.5 ; 0.5
9 0.7 ; 0.3
10 1.0 ; 0
 
 







4.625 5.85
11 0.1 ; 0.9
12 0.3 ; 0.7
13 0.21 0.5 ; 0.5 8.625 5.85
14 0.7 ; 0.3
15 1.0 ; 0














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Figure 43 Temperature profiles for the different sweep gas mixture for three different 
mass flow rates. 
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5.2.1 Temperature characteristics: 
The axial temperature profiles within the reactor for different sweep gas mixture 
composition are shown in Figure 43. For the low mass flow rate of 1.625×10
-7
 Kg/s at the 
inlet the temperature rises quickly to 1250 K at 1/5
th
 of the length from inlet of the reactor 
and then downstream. This drop is due to the cooling of the flue gases by permeating O2 
from the membrane. When the mixture composition of CH4/CO2 (mass ratio mR) 
increases beyond 0.4/0.6, the exit temperature of the reactor becomes almost constant at 
about 1222 K. Figure 43 (b) shows the temperature profile for the mass flow rate of 
4.625×10
-7
 Kg/s for the same composition mixtures mentioned in table 5. From the 
figure, it is evident that the maximum temperature reaches 1310 K for almost all the mass 
ratios mR and the exit temperature is about 1220 K except for the first two cases of mass 
ratio mR  of 0.1/0.9 and 0.12/0.88. This is mainly because the fuel is completely 
consumed within the reactor and the incoming O2 lower the exit temperature to 1142 K 
for the case with the mass ratio mR  of 0.12/0.88. Figure 43 (c) shows the temperature 
profile for the mass flow rate of 8.625 × 10
-07
 Kg/s where the maximum temperature 
drops from 1411 K to 1334 K for the composition CH4/CO2 mass ratio of 0.06/0.94 to 
1.0/0. Unlike the cases of mass flow rate of 1.625 × 10
-07
 Kg/s and 4.625 × 10
-07
 Kg/s, the 
exit temperature in the present case varies for the from 1214 K to 1297 K composition 
mass ratio mR of 0.1/0.9 to 1.0/0 except for 0.06/0.94 is 1149 K and this is due to the 
complete combustion before the exit of the reactor and it can be clearly explained by the 
rate of reaction profiles.  
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Figure 44 shows the rate of reaction profiles for the aforementioned mass flow rates of 
1.625 × 10
-07
 Kg/s, 4.625 × 10
-07
 Kg/s and 8.625 × 10
-07
 Kg/s. In figure 44 (a), it is shown 
that the rate of reaction reaches to nearly 0.0062 Kg-mol/m
3
-s and drops along the length 
of the reactor. For the composition CH4/CO2 mass ratio mR of 0.1/0.9 to 0.3/0.7 the rate 
of reaction becomes zero within the reactor and for mR = 0.33/0.67 the rate of reaction 
becomes zero at exit of the reactor and this is due to the fact the fuel is totally consumed. 
It is noted that temperatures and rate of reaction profiles for the mR ranging from 0.5/0.5 
to 1.0/0 is almost the same leaving some unburned fuel at the exit with high temperatures. 
If the reactor is designed to follow uniform temperature combustion process more 
closely, then the temperature related problems could be significantly mitigated. So, the 
composition mR = 0.5/0.5 to 1.0/0 could be used and the ITM reactor could be split into a 
series of units where the exhaust of the first reactor unit is feed in second and so on till 
the fuel is totally consumed. With increase of mass flow rate from 1.625×10
-07
 Kg/s to 
4.625×10
-07
 Kg/s the maximum value of rate of reaction increased to 0.00108 Kg-
mol/m
3
-s and the reaction started earlier at the left side of the reactor. This is due to the 
fact the rate of O2 permeation is same but the velocity of fuel is increased and hence it 
takes time to start the reaction kinetics.  
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Figure 44 Kinetic rate of reaction profiles for different sweep gas mixture for three 
different mass flow rates. 
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Figure 44 (c) shows the reaction rate profiles for the mass flow rate of 8.625×10
-07
 Kg/s. 
It can be seen that the  magnitude of maximum reaction rate decreases as we increase mR 
and the start of the reaction shifts to almost middle of the reactor, this is due to the fact 
the O2/CH4 value decreases along the length of the reactor and can be seen in Figure 45. 
It is clear from the figure that for high mass flow rate, the increase of CH4 content 
reduces the reaction kinetics and the CH4 conversion percentage gets reduced.  From the 
above discussion, it can be concluded that with less diluent CO2 at inlet high maximum 
temperatures can be achieved for increasing mass flow rate. This is accompanied by a 
reduction in conversion percentage of CH4. With split ITM reactor design, the problem of 
fuel conversion can be overcome with uniform temperature along the reactor. 
 
Figure 45 O2/CH4 profiles for the different sweep gas composition 
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5.2.2 Combustion characteristics: 
For the optimal design of ITM reactor which combines O2 separation and fuel oxidation, 
the amount of CH4 conversion is an important parameter that is affected by the diluent 
CO2 concentration and O2 permeation flux.  Figure 46 shows the CH4 mass fraction 
profiles for different CH4/CO2 mR compositions for increasing mass flow rates. It is 
evident that the conversion of CH4 to combustible products decreases with the increase of 
CH4 percentage at the inlet. For more diluent of CO2 at higher mass flow rate at inlet, the 
maximum temperature is reached but the exit temperature for all the simulations ranges 
from 1148 K to 1297 K. In order to increase the O2 permeation flux from ITM there must 
be sufficient methane input so that the chemical reaction doesn‟t stop at the first part of 
the reactor. For mR in the range 0.1/0.9 to 0.3/0.7 for mass flow rate of 1.625×10
-07
 Kg/s 
all the CH4 is consumed and the permeating O2 downstream cools the flue gases resulting 
in a decrease in the temperature. As discussed earlier, for the case of mR of 0.33/0.67 in 
figure 41, the reaction ends near the exit of the reactor and T  is not much less 
compared to the lower percentage of CH4 at inlet. For mR > 0.33/0,67 in feed for mass 
flow rate of 1.625×10
-07
 Kg/s, the CH4 conversion reduced to 36.8% for mR = 1.0/0 can 
be seen in figure 47. For the mass flow rate of 4.625×10
-07
 Kg/s 100% CH4 conversion is 
obtained for mR = 0.12/0.88 or less and CH4 conversion is greatly reduced to 13.5% for 
mR = 1.0/0. The mass flow rate of 8.625×10
-07
 Kg/s  yields to 7.5% CH4 conversion for 
mR = 1.0/0 and 100% CH4 conversion at very low mR = 0.06/0.94 or less. On the whole, 
the amount of CH4 burned does not vary much since it depends on the O2 available for 
combustion. In order to get to burn more amount of CH4, the surface area of the 
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membrane must be increased in such a way that the surface to volume ratio of the reactor 
must be high. Figure 46(b) and (c) depicts that the consumption of CH4 is delayed due to 
the increase of the flow velocity and hence the length to attain O2-CH4 in flammability 
limit is increased. In order to maintain a uniform temperature within the reactor, the 
maximum methane percentage is required, from the three mass flow rates presented 
1.625×10
-07
 Kg/s, 4.625×10
-07
 Kg/s, and 8.625×10
-07
 Kg/s, the lowest giving the uniform 
temperature with the composition of mR above 0.5/0.5. 
Figure 48 show the percentage of CH4 and O2 conversion for increasing percentage of 
CH4 at the inlet. It is evident from the figure, that upto 33% of CH4 at inlet with flow rate 
of 1.625×10
-07
 Kg/s the CH4 conversion is 100%. O2 conversion increases till 40% CH4 
and becomes constant with 93% conversion. Figure also represents the O2 permeation 
rate which becomes constant above 33% CH4 at inlet to a value of 9.33×10
-06
 mol/s, 
similar profile for O2 permeation rate and conversion of CH4 and O2 is obtained by Tan et 
al [57] for LSCF-ITM membrane. 
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Figure 46 CH4 Mass fraction profiles for different sweep gas composition  
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Figure 47 Percentage CH4 conversion for different mass flow rates 
 
Figure 48 Percentage of O2 & CH4 conversion and O2 permeation rate for mass flow rate 
of 1.625×10
-07
 Kg/s 
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Figure 49 O2/CH4 vs Percentage of CH4 at inlet for different mass flow rates 
O2/CH4 value is an important parameter to decide the region of flammability limit for 
combustion. Figure 49 shows the representation of all the three mass flow rates with 
different CH4% at inlet. It can be seen that the only low mass flow rate of 1.625×10
-07
 
Kg/s comes under lean region with 100% conversion of CH4 with O2/CH4 value of 5.178. 
This is because the combustion of CH4 in ITM reactor is non-premixed and is highly 
dependent on mixing of species. 
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Figure 50 shows the O2 mass fraction for increasing CH4% concentration at inlet for three 
different mass flow rates. The O2 mass fractions are important since the mass fraction is 
related with mole fraction. Since the ITM reactor is operating at atmospheric pressure, 
the mole fraction is nothing but O2 partial pressure and permeation rate is highly 
dependent on that O2 partial pressure. Figure 50 and 51 are related since O2 permeation 
flux JO2 is dependent on O2 partial pressure across the membrane. Since the O2 partial 
pressure at feed is fixed (0.21 atm) as per equation (36) then variation of JO2 is more 
governed by O2 partial pressure at permeate side than temperature since the temperature 
rise within the reactor is nearly of the order of 200 K. The lesser the O2 partial pressure at 
the permeate side the higher the O2 permeation flux. Figure 50 (a) shows, that the O2 
partial pressure is zero at inlet of the permeate side and hence the maximum O2 
permeation flux. Along the length of the reactor O2 mass fraction increases till O2 is 
sufficient to burn CH4 then decreases till the reaction rate becomes maximum. For  mR of 
0.1/0.9 the reaction is ended at X/L of 0.25 as the total CH4 is consumed and O2 mass 
fraction increases downstream while O2 permeation decreases till the exit of the reactor. 
For the mR ranging from 0.2/0.8 to 0.33/0.67, the trend of O2 mass fraction follows as 
that of previous ratio except the magnitude increases and reaction zone increased. For 
higher mR > 0.33/0.67, the  O2 mass fraction is almost constant leading to almost constant 
O2 permeation flux as shown in Figure 51 (a). For the increased mass flow rates at inlet 
of 4.625×10
-07
 Kg/s and 8.625×10
-07
 Kg/s the maximum value of O2 mass fraction is 
almost the same but the peak is shifted from X/L of 0.25 to 0.6. This is attributed to the 
shift in the rate of reaction as can be seen in figure 34. At the higher mass flow rate of 
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8.625×10
-07
 Kg/s, the O2 permeation flux decreases till X/L of 0.7 for mR = 1.0/0. From 
the above discussion, it is depicted that for an ideal ITM reactor the mass flow rate of 
1.625×10
-07
 Kg/s with composition mR of above 0.5/0.5 to 1.0/0 is suitable for uniform 
temperature operations. This results in maximum O2 permeation flux with 75% CH4 
conversion for mR = 0.5/0.5 to 37% for mR = 1.0/0. A simple analysis of Figures 38 and 
51 (a) shoes that the oxygen permeation ﬂux through this type of membranes is more 
sensitive to the changes in O2 partial pressure in the reaction side. For the case without 
reaction (separation-only), oxygen permeate does not react with the sweep gases 
(CH4+CO2). Therefore, O2 partial pressure at permeate side (P2) is much larger in the 
case of non-reacting medium. As a result, the driving force [(P1)
1/2 – (P2)
1/2
]
0.623
 is lower 
than that in the case of combustion. 
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Figure 50 O2 Mass Fraction Profiles for different sweep gas composition 
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Figure 51 O2 Permeation flux for different sweep gas composition 
 115 
 
0 0.002 0.004 0.006 0.008 0.01
1050
1090
1130
1170
1210
1250
Radial Distance (m)
T
e
m
p
e
r
a
tu
r
e
 (
K
)
Membrane
Air side
Fuel side At exit
0 0.002 0.004 0.006 0.008 0.01
1050
1090
1130
1170
1210
1250
Radial Distance (m)
T
e
m
p
e
ra
tu
re
 (
K
)
CH4 / CO2 : 0.1 / 0.9
CH4 / CO2 : 0.2 / 0.8
CH4 / CO2 : 0.33 / 0.67
CH4 / CO2 : 0.4 / 0.6
CH4 / CO2 : 0.5 / 0.5
CH4 / CO2 : 1.0 / 0
Air side
At X/L = 0.15MembraneFuel Side
0 0.002 0.004 0.006 0.008 0.01
1050
1090
1130
1170
1210
1250
T
e
m
p
e
ra
tu
re
 (
K
)
Air side
Membrane
Fuel Side
At X/L = 0.25
Radial Distance (m)
0 0.002 0.004 0.006 0.008 0.01
1050
1090
1130
1170
1210
1250
Radial Distance (m)
T
e
m
p
e
ra
tu
re
 (
K
)
At X/L = 0.5
Air side
Membrane
Fuel side
 
Figure 52 Radial temperature profiles at different sections for mass low rate of  
1.625×10
-07
 Kg/s 
Figure 52 shows the radial temperature profiles at different sections (X/L = 0.15, 0.25, 
0.5 and at 1.0) for the mass flow rate of 1.625×10
-07
 Kg/s.  At X/L=0.15, the reaction is 
just started and the temperature start rising and at X/L=0.25 the reaction rates are 
maximum for almost all composition mixtures. At X/L=0.5 the temperature is dropped 
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for low CH4 mixture composition due to the depletion of CH4. The temperature dropped 
for mR less than 0.5/0.5 at exit due drop of high CH4 conversion.  
Figure 53 shows the radial profiles of O2 mass fraction for a mass flow rate of 1.625×10
-7
 
Kg/s for three different mR of 0.1/0.9, 0.5/0.5 and 1.0/0 at four different sections 
(X/L=0.15, 0.25, 0.5, 1.0).  It can be seen that at X/L =0.15 the O2 mass fraction at feed 
side drops significantly from 0.225 to 0.218 radially from outer wall of the shell to the 
membrane surface. At this section O2 mass fraction at permeate of mR= 0.1/0 is very low 
compare to mR= 0.5/0.5 and 1.0/0 due to early reaction initiation. At section X/L =0.25 
the reaction rate of mR= 0.5/0.5 is maximum compare to other mR considered. It can be 
seen that the variation of O2 mass fraction radially is maximum in this section which 
gives maximum temperature. From the section X/L =0.5 and 1.0, it is clear that the CH4 
is totally consumed for mR = 0.1/0.9 and there is no much variation of O2 mass fraction 
radially. For mR = 0.1/0.9 and 1.0/0 there is no much difference in magnitude of O2 mass 
fraction and it can be radial temperature profiles (Figure 52) that there is no much 
difference in their magnitude this is due to O2 permeation flux becomes constant after mR 
=0.33/0.67 which can be seen in figure 48. Figure 54 shows the temperature and 
composition profiles in radial direction for mR =0.5/0.5 for mass flow rate of 1.625×10
-7
 
Kg/s at different sections (X/L=0.15, 0.25, 0.5, 1.0). It can be seen that the maximum 
temperature and maximum ΔT along the radial direction is achieved at X/L=0.25, 0.5 and 
ΔTmax is 40 K. 
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Figure 53 O2 mass fraction radial profiles for mass flow rate of 1.625×10-7 Kg/s 
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Figure 54 Radial temperature and composition profiles for mass flow rate of 1.625×10
-7
 
Kg/s for mR of 0.5/0.5 
Figure 55 shows the temperature, composition profiles for one mR of 0.5/0.5 for 
increasing mass flow rates. It can be seen from the figure that the difference in axial 
temperature and membrane temperature is around 30 K only. For the low mass flow rate 
CH4 conversion achieved is highest and the uniform temperature is achieved where the 
O2 mass fraction is lowest. After X/L=0.25 the temperature drops and it is attributed to 
the decrease in the reaction rate because of increasing value of O2/CH4. For mass flow 
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rate of 1.625×10
-7
 Kg/s the maximum temperature is increased to 1310 K but the reaction 
zone is shifted and reaction is delayed to achieve O2/CH4 ratio for combustion. The same 
phenomenon is observed for high mass flow rate of 8.625×10
-7
 Kg/s and the conversion 
of CH4 is reduced significantly. This data gives information in designing OTR to 
maintain uniform temperature as well as the amount of CH4 that can be burnt for a 
particular surface area membrane reactor.  
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Figure 55 Temperature and composition profiles for three different mass flow rates at mR 
=0.5/0.5 
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5.2.3 Effect of fuel mass flow rate on O2 permeation flux (JO2): 
 
Figure 56 Effect of mass flow rate of fuel on the oxygen permeation flux 
The mass flow rate of fuel (CH4 and CO2) has a great effect the oxygen permeation flux 
through ITM. As shown in Figure 56, the increase in sweep gas mass flow rate tends to 
decrease the O2 permeation flux for a prolonged distance. Furthermore, the reaction side 
O2 partial pressure increases till the reaction starts and then drops and becomes constant 
for low mass flow rate because of the extinction of fuel. 
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5.2.4 Effect of fuel mass flow rate on combustion temperature: 
 
Figure 57 Temperature profiles for different fuel mass flow rates 
Figure 57 presents the effect mass flow rate of fuel on the combustion temperature. The 
figure shows an increase of  the combustion temperature  with increasing sweep gas mass 
flow rate till a certain value and then starts to decrease except for mass flow rate of 
1.625×10
-07
 Kg/s where the uniform temperature is maintained in more than 75% of the 
reactor. With increase of fuel mass flow rates, peak temperature increases and then drops 
but the condition of nearly isothermal operation can be achieved.  
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5.2.5 Effects of fuel mass flow rate on permeate O2 partial pressure: 
 
Figure 58 O2 partial pressure profiles for different fuel mass flow rates 
Figure 58 shows the change in oxygen partial pressure as a function of sweep gas mass 
flow rate for the case when combustion is activated at constant feed oxygen partial 
pressure of 0.21atm. As shown in the figure, the permeate O2 partial pressure increases 
tending to lowering the O2 permeation flux then when O2/CH4 reaches the flammability 
limit, the O2 partial pressure drops leading to increase in O2 permeation flux. This can be 
easily seen in Figures 50 and 51 which shows the O2 mass fraction and O2 permeation 
flux profiles for increasing sweep gas mass flow rate.  
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5.2.6 Effect of mass flow rate on O2/CH4 ratio: 
 
Figure 59 O2/CH4 for different mass flow rates 
Figure 59 shows the O2/CH4 profiles for the different mass flow rate for the sweep gas 
composition mR of 1.0/0.  With increase of mass flow rate, the O2/CH4 ratio increases but 
the reaction zones shifts near to the exit of the reactor. The maximum temperature is 
achieved when the peak O2/CH4 drops for all the three mass flow rates and can be seen in 
Figure 57. The closer the peak of O2/CH4, more will the reaction zone within OTR. It can 
be seen that for 1.625×10
-07
 Kg/s the value of O2/CH4 increases downstream making 
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reaction rate and temperature uniform in the OTR. From the above discussion it is 
concluded that more CH4 at low mass flow rate is favourable to have in the reactor.  
 
Figure 60 Comparison between oxygen permeation rate from the ITM with and without 
combustion for mass flow rate of 1.625×10
-07
 Kg/s 
Figure 60 shows the oxygen permeation rate in mol/s from the membrane for cold 
combustion (separation only) and combustion cases. In the figure abscissa is the 
percentage of CH4 in fuel mixture while the ordinate is the O2 permeation rate. The 
amount of oxygen coming through the membrane towards the permeate side for cold 
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combustion (mixing) is 3.29×10
-6
 mol/s to 3.97×10
-6
 mol/s while for combustion case it 
is 4.11×10
-6
 mol/s to 9.33×10
-6
 mol/s for 10% to 100% of CH4 at inlet of fuel mixture. 
The oxygen permeation rate through the membrane is increases for 10% to 33% CH4 at 
inlet and becomes almost constant for the increased CH4 percentages. This is due to the 
complete combustion of CH4 upto 33% at inlet. Oxygen permeation rate through ITM for 
combustion is very much higher compare with sweep mixture of cold mixing and it is 
25% to 135% higher for 10% to 100% CH4 at inlet.  
5.2.7 Temperature contours for different compositions: 
Figure 61 shows the temperature contour of different CH4/CO2 composition mass ratio 
mR for mass flow rate of 1.625×10
-07
 Kg/s. Its can been seen that reaction starts at X/L of 
0.15 for almost all the mR with O2 partial pressure at feed side P1= 0.21 atm. As shown, 
the combustion zone has a maximum temperature of 1250
o
C. As the maximum 
temperature increases, the membrane temperature will also increase; however, part of this 
heat will be lost to the air domain through the membrane. One can also see from the 
figure that the temperature around the membrane is less compare to core of the reactor. 
This will extend the membrane working period and prevent membrane fracture due to 
thermal stresses on the membrane surface. However more research in required in the 
membrane materials in order to make it able to withstand higher temperatures with higher 
oxygen permeation flux. Similar contours can be seen in Figure 61 and 62 for increased 
mass flow rates. From Figure 61 it is clear that the maximum value of temperature is 
increased within the reactor but the reaction zone is shifted. For higher mass flow rate of 
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8.625 × 10
-07
 Kg/s the reaction zone is shifted to X/L = 0.5. In order to maintain the high 
O2 permeation flux the uniform temperature should be maintained for the whole reactor 
and with the high mass flow rate the uniform temperature ITM cannot be achieved. 
Due to the high reactor temperature and small reactor geometry, the strain rate 
(dU/dx) will be increased due to reduced density and so increased velocity for a particular 
mass flow rate. This will lead to higher maximum heat release rate in the reaction zone. 
The flame zone is in the middle of the reactor as shown in Figure 61, 62 and 63. Most of 
the heat released is lost to air side through the membrane because these membranes have 
very low thermal resistance.  
In order to maximize the CH4 conversion at high mass flow rates use of catalyst on ITM 
at permeate side is suggested [92], before proceeding into the catalytic conversion of CH4 
more work has to be done on material development and testing side.  
From the above discussion, it is clear that ITM has potential to be implemented in the 
transforming a conventional combustion chamber to ITM reactor in which separation and 
oxidation of fuel is done simultaneously by which in turn improves the O2 separation. 
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Figure 61 Temperature contour for mass flow rate of 1.625×10
-07
 Kg/s and different 
CH4/CO2 mixtures mass ratio mR 
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Figure 62 Temperature contour for mass flow rate of 4.625×10
-07
 Kg/s and different 
CH4/CO2 mixtures mass ratio mR 
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Figure 63 Temperature contour for mass flow rate of 8.625×10
-07
 Kg/s and different 
CH4/CO2 mixtures mass ratio mR 
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Figure 64 Temperature contour for three different mass flow rate of 8.625×10
-07
 Kg/s  for 
CH4/CO2 of  1.0/0. 
 
Figure 64 shows the temperature contours of three different mass flow rates for a mR 
(CH4/CO2) of 1.0/0. From the figure, it can depict that with increase of mass flow rate 
from 1.625×10
-7
 Kg/s to 8.625×10
-7
 Kg/s, the maximum temperature within the reactor is 
increased. The idea of designing a practical OTR is to maintain uniformity in the 
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temperature to reduce the thermal stresses that may occur with the variation of membrane 
temperature. So, the uniform temperature within the reactor can be obtained for low mass 
flow rate of 1.625×10
-7
 Kg/s but with 1250K maximum temperature. 
5.3 Energy Balance verification 
In order to verify the combustion within ITM reactor, energy balance is done for one 
particular case with the mass flow rate of 1.625×10
-07
 Kg/s with CH4/CO2 of  0.3/0.7. 
Reactor operates as adiabatic. 
4
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Figure 65 Block Diagram of ITM reactor 
In the inlet temperature Tinlet = 1073 K, Tr =298.15 K 
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outletT =1091.4 K obtained as mass weighted average temperature at outlet of fuel side from FLUENT
MemT =1084.1 K  
Energy balance equation given below. 
CH CO4 24 2
O N2 22 2
• •
CH inlet r CO inlet r
f,inlet f,inlet
• •
O inlet r N inlet r
air,inlet air,inlet
m (LCV+Cp (T -T )) + m Cp (T -T ) + 
                                         m Cp (T -T ) + m Cp (T -T )
        
   
   
   
   
   
   
CO H O2 22 2
O N2 22 2
• •
CO f,outlet r H O f,outlet r
f,outlet f,outlet
• •
O f,outlet r N air,outlet r
f,outlet air,outlet
             = m Cp (T -T ) + m Cp (T -T ) + 
                       m Cp (T -T ) + m Cp (T -T ) + 
   
   
   
   
   
   
O2 2
•
O air,outlet r mem
air,outlet s
                       m Cp (T -T ) + k T dA
 
 
 

 
 Energy entering C.V calculation: 
CH4 4
•
-8 7
CH inlet r
f,inlet
m (LCV+Cp (T -T ))  =  4.88×10 (5.534×10 +8.99(1073-298.15))
                                                         = 2.70034 W
 
 
   
CO2 2
•
-7
CO inlet r
f,inlet
4
m Cp (T -T )  = 1.14×10 8.99 (1073-298.15)
                                           = 5.86 10  W
 
  
 

 
O2 2
•
-6
O inlet r
air,inlet
4
m Cp (T -T )  = 1.35×10 4.2315 (1073-298.15)
                                           = 4.43 10  W
 
  
 

 
N2 2
•
-6
N inlet r
air,inlet
m Cp (T -T )  = 4.5×10 3.985 (1073-298.15)
                                           = 0.0139 W
 
  
   
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-4 -4Energy_in = 2.70034+5.86×10 +4.43×10 +0.0139
                  = 2.716 W
 
Energy leaving C.V calculation: 
CO2 2
•
-7
CO outlet r
f,outlet
3
m Cp (T -T )  = 2.695×10 6.645 (1091.5-298.15)
                                           = 1.421 10  W
 
  
 

 
H O2 2
•
-7
H O outlet r
f,outlet
-4
m Cp (T -T ) = 1.19×10 ×5.123×(1091.5-298.15)
                                             = 4.84×10  W
 
 
   
O2 2
•
-7
O outlet r
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-5
m Cp (T -T ) = 5.05×10 ×0.1151×(1091.5-298.15)
                                             = 4.611×10  W
 
 
   
N2 2
•
-6
N air,outlet r
air,outlet
m Cp (T -T ) = 4.5×10 ×3.9896×(1081.6-298.15)
                                             = 0.01406 W
 
 
   
O2 2
•
-6
O air,outlet r
air,outlet
-3
m Cp (T -T ) = 1.078×10 ×4.235×(1081.6-298.15)
                                             = 3.577×10  W
 
 
   
mem
s
k TdA = 20×0.136
                       = 2.72 W

 
3 -4 -5Energy leaving C.V  =  2.72 + 1.421 10  +4.84×10 + 4.611×10 0.01406 
                                 =  2.721 W
 
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From the above analysis it is clear that energy is balanced and the combustion of ITM 
reactor gives affirmative results. 
5.4 Effect of local temperature variation along the membrane surface and radiation 
heat transfer on the combustion process 
In the previous analysis, the effects of ITM temperature variation along the membrane 
surface on the oxygen permeation rate and the radiation heat transfer were neglected.  In 
order to assess the effect of both factors on the combustion process and the resulting 
thermal field, we conduct detailed computational analysis of three cases. These include 
the mass flow rate of 1.625×10
-7
 Kg/s and mass ratios mR=0.1/0.9, 0.5/0.5 and 1.0/0.  In 
all cases, the inlet air and sweep gas temperatures are assumed unchanged (1073K).  Both 
compartments are assumed to have atmospheric pressure.   
In the previous calculations, the O2 permeation flux was based on equation (36) in which 
the coefficient K2(T) was assumed constant (corresponding to inlet temperature) along 
the membrane surface. Since the O2 permeation flux depends on the local partial 
pressures of O2 on both sides of the membrane as well as the local membrane 
temperature, we must develop a new correlation that takes the membrane temperature 
variation into consideration.  The experimental data of Wang et al. [58] that are shown in 
Figure 66 forms the basis for obtaining this correlation.  The least square method was 
used for fitting the data (for different temperature ranging from 700 
o
C to 900 
o
C and 
different partial pressures) assuming an exponential relation between K2(T) and the 
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temperature.   Equation (37) is the obtained correlation that gives the best fit to all data 
points. 
1 2
O2 1
0 0
P P4270
J  =0.2609K exp(- ) -
T P P
 
  
               (37)
 
1 2
1
1 2
2πr r w
K =
S(r +r )
 
 
Figure 66 Oxygen Permeation flux through the BSCF membrane tube as a function of 
temperature [58]. 
Figure 67 represents the O2 permeation flux for different partial pressure of O2 at shell 
side for increasing temperatures.  A simple comparison between the model prediction and 
the measured values of O2 permeation flux shows a reasonable accuracy.  The largest 
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deviation was about 15% occurring at 900 
o
C and 0.2 atm.  This deviation may be 
attributed to experimental uncertainties at high temperatures. 
 
 
Figure 67 O2 permeation flux for different temperature for increasing partial pressure at 
shell side.
 
In the present simulations, Discrete Ordinate (DO) radiation model is activated and the 
absorption coefficient was estimated by Weighted Sum of Gray Gas Model (WSGGM).
 
Figure 68 (a) shows the temperature along the axis of the reactor for mass flow rate of 
1.625×10
-7
 Kg/s for mR=0.1/0.9 considering the new O2 permeation flux equation (37) 
and the radiation heat transfer model.  The figure shows that the maximum temperature is 
increased by an amount of 25K when the local temperature effect is considered in the O2 
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permeation equation.   Figure 68 (b) shows the temperature variation along the reactor 
axis for the same flow rate but with a mass ratio mR=0.5/0.5.
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Figure 68 Temperature along the axis of the reactor for mass flow rate of 1.625×10
-7
 Kg/s 
for a) mR=0.1/0.9 b) mR=0.5/0.5 c) mR=1.0/0 
The figure indicates a maximum temperature of 1143 K when the effect of the local 
temperature variation on the O2 permeation flux is considered compared with a maximum 
temperature of 1102 K when neglecting that effect. 
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For the case of pure CH4 at inlet (mR =1.0/0), Figure 68(c) shows small temperature 
variations along the reactor axis for both cases.  The maximum temperature difference 
between the two cases of using the permeation equations (36) and (37) is about 16K.  
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Figure 69 Temperature contours for mass flow rate of 1.625×10
-7
 Kg/s and mR = 1.0/0 
with equation 36 and equation 37 
Figure 69 shows the temperature contours for the same flow rate (1.625×10
-7
 Kg/s) and 
for the mass ratio, mR=1.0/0, considering the two permeation equations (36) and (37). It 
can be noted that with equation (37) the maximum temperature is achieved at 
approximately X/L =0.25 while the maximum temperature is achieved at approximately 
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X/L=0.5 when using equation (36).   The delay in the combustion process when using 
equation (36) is mainly due to the low rate of O2 permeation at the inlet region.  Based on 
above analysis, it is clear that the effect of radiation as well as the effect of local 
temperature variation on the O2 permeation flux should be considered.  However, we 
wished to have some experimental results to verify the accuracy of the computational 
model.  The absence of this verification prevented fine tuning of the model.  A number of 
questions and uncertainties are still not answered/clarified including the following: 
1. The exact chemical reaction taking place (not fully known) will in turn affect the 
emission and absorption coefficients. 
2. The detailed chemistry will definitely differ from the assumed one step chemical 
reaction and this will affect the chemical composition of combustion products. 
3. The effect of composition of combustion products on O2 permeation through ITM 
is hard to assess because of lack of experimental results. 
4. The O2 permeation equation needs further improvement by considering the 
mechanism of O2 ion exchange through the membrane based on the local 
parameters (temperature and partial pressures) and membrane characteristics. The 
obtained correlation [Eq. (37)] gives a maximum difference of 15% with the 
experimental results.  
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CHAPTER 6  
CONCLUSION AND 
RECOMMENDATIONS FOR FUTURE 
WORK 
The conclusion is divided into three sections. In the first two sections, the results in the 
previous chapter are summarized. In the last section, proposed directions for future 
research are presented.   
6.1 Cold Combustion (O2 separation-only) 
A computational model is developed for predicting the performance of a cylindrical ion 
transport reactor designed for oxy-fuel combustion. The oxygen is supplied through the 
reactor walls which are made of dense, nonporous, mixed-conducting ceramic membrane 
that only allows oxygen permeation from the outside air into the combustion chamber. 
The details of the flow process and the concentration of different species are predicted by 
a numerical solution of the conservation equations of mass, momentum, energy and 
species in the axi-symmetric flow domain. The membrane is modelled as a selective layer 
in which the oxygen permeation depends on the prevailing temperatures as well as the 
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oxygen partial pressure at both sides of the membrane. The model results were validated 
against previous experimental data and the comparison showed a good agreement. The 
results indicated that the oxygen to fuel mass ratio increases as the percentage of CO2 
increases in the inflow sweep gas for both co-current and counter-current regimes. In 
both regimes, the ratio of oxygen to methane increases for decreasing percentage of CH4 
at inlet of the sweep side.  It is also found that the increase in the sweep ratio tends to 
reduce the size of the region outside the flammability limits.  The results also indicated 
that the counter-flow regime exhibits better mixing of fuel and oxygen and provides more 
uniform oxygen flux along the reactor wall.  The total O2 permeation rate is found to be 
higher in the counter-current regime for all sweep gas compositions.  The regions within 
the reactor that falls within the recommended flammability limits (O2/CH4 ratio between 
3.4 and 4.4) are investigated considering three sweep ratios (15.67, 24.0, 49.0).  The 
results indicated that the mixtures having sweep ratio of around 24 for the co-current flow 
and around 15.67 for the counter-current flow lie within the recommended mixture 
composition.  In both cases, the nearly uniform mixture composition along the membrane 
leads to nearly homogeneous reaction rates that are likely to result in achieving constant 
temperature over the membrane surface.   
6.2 Combustion in Oxygen Transport Reactor (OTR) 
The results of combustion in OTR for different composition of CH4/CO2 mixtures and for 
different mass flow rates have provided many important insights and conclusions. First, 
the comparison between reactive and separation-only OTR units showed that combining 
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reaction and separation increases significantly O2 permeation rate to about 2.5 times 
under the assumptions given herein. Second, for mass flow rate of 1.625×10
-07
 Kg/s with 
CH4/CO2 mass ratio ranging from 0.5/0.5 to 1.0/0 gives almost uniform axial temperature 
of about 1250 K in most of the reactor length with high CH4 conversion of 75% to 35% 
respectively. In all the simulations, the total O2 permeation flux is almost the same except 
for 1.625×10
-07
 Kg/s with CH4/CO2 mR less than 0.3/0.7. Since the thermal resistance of 
these membranes is low, the heat of reaction is mostly transferred to the air side with a 
portion used to heat the O2 permeating flux. For higher mass flow rates, the OTR 
operates with rich mixture resulting in low CH4 conversion. The combustion process in 
such cases can be improved by splitting the OTR into a series of units where the fuel is 
added at stages along the reactor network. This work requires significant experimental 
and modeling work and is outside the scope of this thesis.  
6.3 Future work: 
The use of ITM technology to capture CO2 in power cycles shows potential to retrofit or 
to use as an auxiliary system to separate O2 for oxy-combustion. The O2 permeation 
equation used this work is based on experimental correlations. More work is needed to 
develop a more generalized equation which represents the membrane characteristics and 
operational conditions. Further, single-step chemistry is used in the present simulations 
for oxidation of methane into CO2 and H2O, but in practice there will be other species 
such as CO, H2, etc. Accordingly, detailed chemistry must be employed to study the 
impact and stability of such species on ITM. Other major issues related to the effect of 
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carbon deposition and soot formation on the membrane characteristics need detailed 
investigation. 
A single ITM reactor results in low exit temperature and much loss of heat into the air 
side, a series of ITM reactors could be created such that the membrane surface area is 
split to a series of segments. This may lead to a higher temperature at the reactor exit that 
makes the combustion products more suitable in power cycles. 
Nomenclature 
cL  characteristic membrane thickness [m] 
sD  self-diffusivity [m
2
/s] 
 iok  surface exchange coefficient [m/s] 
it  ionic transference number [ - ]
 
et  electronic transference number [ - ]
 
2O
   Oxygen vacancy potential [J/mol] 
L  Membrane thickness [m] 
F Faraday‟s constant [c/mol] 
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2O
J  oxygen permeation flux [mol/m
2
-s] 
i  ionic conductivity [S/m] 
e  electronic conductivity [S/m] 
R  Gas constant [J/molK] 
p pressure [Pa] 
OV
  oxygen vacancy [ - ] 
vD  diffusion coefficient of oxygen vacancies  [cm
2
/s] 
mV  molar volume [m
3
/mol] 
aE  activation energy [ J/kg-mol ] 
2
'
OP , 1P  partial pressure of oxygen at the feed side [atm] 
2
"
OP , 2P  
partial pressure of oxygen at the permeate side [atm] 
iC  density of oxygen ions [mol/m
3
] 
T temperature [K] 
1r  outer radius of the membrane tube [m] 
2r  inner radius of the membrane tube [m] 
 146 
 
S  effective area of the membrane tube [m
2
] 
1  bulk-diffusion step constant [ - ] 
2
0
OP , 0P  1 atm oxygen pressure 
U velocity vector [m s
-1
] 
ρ  density [Kg m-3] 
μ 
 
dynamic viscosity [N s m
-2
] 
Si 
source/sink term [Kg/m
3
-s] 
1R  
resistance to O2 permeation at the inner membrane surface 
[atm
0.5
cm
2
sec/mol] 
2R  
resistance to O2 permeation in the bulk region [atm
0.5
cm
2
sec/mol] 
3R  
resistance to O2 permeation at the outer membrane surface 
[atm
0.5
cm
2
sec/mol] 
i,mD  
diffusion coefficient of mixture of species i [m
2
/s] 
fk  surface-exchange reaction forward-rate constant [cm atm
-0.5
s
-1
] 
rk  
surface-exchange reaction reverse-rate constant [mol cm
-2
s
-1
] 
1K  
geometric constant [ - ] 
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iY  
mass fraction of species i [ - ] 
i,jD  
binary mass diffusion coefficient of species i [m
2
/s] 
pC  
heat capacity [J/Kg-K] 
cellA  
area of the cell [m
2
] 
2O
MW
 
molecular weight of oxygen [Kg/Kmol] 
cellV  
volume of cell [m
3
] 
iX  
mole fraction of species i [ - ] 
2K  
constant depends on temperature [mol/m
2
-s] 
w
 
effective length of the tube [m] 
  Universal gas constant [J/molK ] 
iM  molecular weight of species i [Kg/Kmol] 
iλ  
thermal conductivity of species i [W/m/K] 
i,j  
mixture rule constant for species i in species j [ - ] 
k
 
reaction rate constant [ Kg-mol/m
3
-s ] 
A pre-exponential factor [ - ] 
 m

 
mass flow rate [Kg/s] 
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Suffix 
 
 
op  operating 
mix mixture 
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